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Preface 


This book has been developed based on our teaching experience to the undergraduate students 
over the past several years. The aim is to provide finer explanations and detailed derivations 
at every step so that even an average student is at ease with the subject. The entire book 
has been evolved from the lecture notes prepared by us. 

The book has been designed as a textbook for covering the core course in electronics, an 
essential course for the students of various engineering streams euch as electronics and 
communication engineering, electrical engineering, computer science and engineering, IT, 
instrumentation and control, and mechanical engineering. 

There are 13 chapters in this book. The first chapter covers the basic physics of the most 
commonly used semiconductor materials, 1.e., Germanium (Ge) and Silicon (Si). The properties 
of the firat semiconductor device, a pr junction diode, have been discussed in Chapter 2. 
Various applications of pn junction diode such as the rectifier, clipping and clamping are 
analyzed in Chapter 3. 

Most of the electronic systems use Bipolar Junction Transistor (BJT) and Field Effect 
Transistor (FET) as the main active device for the purpose of amplification and signal 
processing. Analysis of these devices has been done in separate chapters due to their 
importance. The internal structure, V- characteristics, small-signal models of a BJT are 
included in Chapter 4. For a BJT, three small signal models viz., h-parameter model, hybrid-z 
model and r,-model are available in the literature. Various authors prefer only one type of 
the model and perform the analysis. We, however, in this book, have described all the three 
models and explored their advantages and disadvantages. Chapter 5 presents biasing (dc) 
conditions for realizing distortion-free operation of an amplifier. Issues regarding stability 
of operating point have also been explained in this chapter. 

Analysis of various BJT amplifier configurations (CE, CC, CB) using all the three small 
signal models has been presented in Chapter 6. A student should be able to analyze the 
given circuit with any of the three models with equal ease. However, as hybrid- model is 
more practical and provides exact analysis, more emphasis has been given on this model in 
the remaining chapters. 
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xiv Preface 


By the end of Chapter 6, students should have totally grasped the working and analysis 
of BJT circuits. This provides necessary background to understand the FET operation and 
analysis of its circuits. FET, the other important three terminal active device with a number 
of features better than the BJT, has been introduced in Chapter 7 and various FET amplifier 
configurations have been analyzed in Chapter &. 

Cascading of amplifier stages is a necessary requirement of many electronic systems; 

various methods of coupling stages are treated in Chapter 9. Differential amplifier, which 
is the basic building block of operational amplifier, is also addressed in this chapter. The 
behaviour of any electronic circuit changes at high frequencies and therefore, the reactance 
of various junction capacitances can not be neglected. High frequency response of a BJT and 
FET amplifier in different configurations are given in Chapter 10. 
- The concept of feedback in amplifiers is introduced in Chapter 11. Analysis of different 
types of feedback amplifier topologies have been reviewed. Chapter 12 deals with the principle 
of oscillation and analyzes various types of oscillator circuits. The power amplifier or large 
signal amplifiers and voltage regulators have been covered in Chapter 13. 

In every chapter, the device characteristics used are for the commonly available devices 
a0 that the students can get a feel of the order of magnitude of device parameters. A large 
number of solved examples have been provided in every chapter. At the end of each chapter, 
summary highlighting the important points in the chapter has been included. Further, a 
number of intelligent review questions are given at the end of each chapter. Students are 
advised to go through the summary and grasp each point once the chapter is completed. 
And, then they should assess themselves by answering all the review questions. A good 
number of unsolved problems with answers are also included. 

The authors will be glad to get feedback and suggestions from the faculty and the 
students so that the efforts could be made to further improve the text. 

The authors are thankful to all those who knowingly or unknowingly have been a source 
of inspiration in writing this book. 

Last but not the least, we wish to thank our families for their continuous support and 
encouragement during the preparation of this manuscript. 


Balbir Kumar 
Shail B. Jain 


CHAPTER 


Semiconductor Physics 


1.1 INTRODUCTION 


In this chapter, we give a brief review of physics and some other associated phenomena 
necessary to understand the basics of Electronics and Electronic Devices. We first explain, 
in brief, the basic quantities such as forces, fields and energy which are necessary to explain 
the effects of charged particles and their motion. Then we explain the mechanism of conduc- 
tion in metals and in semiconductors. The concept of electrons and holes as the charge 
carriers in extrinsic semiconductors is clarified. The Mass-action law associated with the 
extrinsic semiconductors is explained. Thereafter, the phenomenon of Diffusion and Drift is 
given, followed by Einstein Relationship. Finally, the contact potential difference for the 
case of most commonly used junction (i.e., Step-graded Junction) is derived. 


It will be useful to list some important physical constants, and these are given in Table 1.1. 


Table 1.1 Values of Important Physical Constants 


Electronic charge 1.602 x 10°" C 
Electronic mass 9.109 « 10 ke 


Ratio of charge to mass of an electron 1.759 x 10"! Crkg 
Mass of atom of unit atomic wt. 8 1.660 x 10-7 ke 


(hypothetical) 

Mass of proton 1.673 x 10°" kg 
Ratio of proton to electron mass 1.837 x 16 
Planck's constant 6.626 x 10-™ Js 


Boltzmann constant k 1.381 =x 10" JK 
Stefan—Boltzmann constant 6.670 « 10° Witm* K*) 


(Contd.) 
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Table 1.1 Values of Important Physical Constants (Contd.) 


Avogadro number 6.023 x 10°" molecules per mol 
Gas constant 2 6.314 Jiideg. mol) 
Velocity of light (approx.) a= 10° mis 
Faraday's constant 9.649 « 10" Cimol 
Volume per mole 2.241 x 107 m? 
Acceleration due to gravity 9.807 mis* 
Permeability of free space = 4 = 10-7 1.257 x 10% Him 


Permilttivity of free space = gx x10 8.849 x 10" Fim 


1 electron volt (eV) equals g = 1 volt 1.6 x 107" joules 
and is the potential energy 
Boltzmann constant (another form) 6.620 x 10 eViK 


1.2 FORCES, FIELDS AND ENERGY 


The controlled flow of charged particles is fundamental to the operation of all electronic 
devices. The materials used in these devices, therefore, must be capable to provide a source 
of mobile charge and the flow of charges must be controllable. The electrical characteristics 
which distinguish the material, whether it is an insulator, a semiconductor or a conductor 
are important parameters in Electronics. The two important processes for transporting the 
charge, and hence causing current are: 


Drift: Drift is the motion of charges produced Wooden ni 
by an electric field. (Potential difference causes as 
the electric field) 


See 


Diffusion: Diffusion is the motion resulting from —-> + Flow of water 


a non-uniform charge distribution, i.c., due to 


charge density gradient. Fig. 1.1 Wooden piece drifting along the 
Consider a wooden piece floating on the flow- flow of water in the river. 

ing water of a river (see Fig. 1.1). We say that the 

wooden piece is drifting due to force of flow of 


a (((( (a) )))) 


Now, consider a chimney producing dense 
black smoke (see Fig. 1.2). As the nearby area has 
no/less smoke, the amoke from the chimney will ; 
diffuse on all sides in order to equalize the density Chimney 
of smoke. This phenomenon is called diffusion. 
The aforementioned processes when applied Fig. 1.2 Smoke from the chimney 
to electric charges are explained in this chapter. diffusing. 
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1.2.1 Charged Particles 


An electron has the physical parameters (approximately) as follows (see Table 1.1): 


Charge of an electron g = 1.60 x 10-* coulomb 
Number of electrons = 6 = 10'5 per coulomb 
Mase of an electron m = 9.1 x 10! ke 


Thus, about 6 trillion (6 x 10) electrons flow per second if the current I = charge/ 
second, is 1 wA (1 = 10 A), Le, a current of 1 pA (= 10-™" A) amounts to flow of 6 million 
electrons per second, 


An atom has a positive nucleus and a number of orbits having electrons. The nucleus 
together with charges of electrons in its orbits is overall neutral. We may consider the 
nucleus and all electronic orbits except the outermost as a +ve charged ion. This +ve charge 
is of course equal to the —ve charge of electrons in the outermost orbit. The valence electrons 
are the electrons in the outermost orbit. It may be possible, under certain circumstances, to 
remove or to add an electron in the outermost orbit. This would make the atom a +ve ion 
or a —ve ion. For example, the Sodium (Na) ion is +ve and Chlorine (Cl) ion is -ve, and both 
these ions combine to make NaCl] (Sodium chloride, the common ealt), which is a neutral 
molecule. 


Silicon is tetravalent atom, i.e., there are four electrons in the outermost orbit of a 
Silicon atom. In Silicon crystal, each Silicon ion shares a pair of electrons with each of its 
four neighbour Silicon ions. Such a configuration is called a covalent bond. When an 
electron is missing from this structure the bond has one electron less thus termed as a hole 
in the bond. The atom with one electron missing from its outermost orbit may be termed as 
a+ve charged ion. Similarly, the structure may have an excess electron, thus simulating 
the condition of -ve charged ion. The holes (vacancies of electrons) may move from ion to 
ion in the crystal and produce the effect of motion of +ve charge (the hole). Each hole has 
a charge equal to that of an electron, in magnitude. 

If, somehow, we add an electron (mass m, charge —g) to a neutral atom (of mass M, say), 
we get a negatively charged ion of mass M+ m and charge -q. 

Of course mass m being much smaller than M, therefore, the overall mass of such a 
negatively charged ion is nearly equal to M. Similarly, if we remove a hole from a neutral 
atom (of mass M, say), the resultant positively charged ion has charge of +g and overall 
mass of Mf — m (= M). We may, therefore, assume that (an electron + a hole) equals zero 
charge and zero mags. Alternatively, we may replace a ‘zero’ by a hole-electron pair. We shall 
do so to explain the effect of doping (particularly, when dopant is a trivalent material). 


1.2.2 Field Intensity (4 


Let a charged particle (with charge g, coulomb) placed at (x,, 0) exerts a force F, on another 
charged particle (with charge go coulomb) placed at (x5, 0) such that 


a 7 hewtons (1.1) 
where F, = Force in newtons (in x-axis direction for g,, g; both being +ve) 


g;, go = Charges in coulombs 


£ = Permittivity of the medium in farads/m 
x = Distances in metres (here separation distance is x, — x)) 


4 Electronic Devices and Cireuils 


Ty Ls 
0) (0) (x, 0) z 


Fig. 13 Charges g,, gy placed (x, — x,) apart exert force on each other. 


Applying Newton's second law (Force = Mass x Acceleration) we may write, the force felt 
by particle with charge gq» [assuming the particle with charge q), is stationary at (x), 0)] as: 


ns d 
F, = ——2_ = " (m, v,) newton (1.2) 
dat lx,-x, ae? 


where m, is mass of gq, and v, is the velocity of g, in x-direction 


F.=m, Ae = mea, (1.3) 


For a non-relativistic system, mg being constant, therefore, a, = dv/dt, and is the 
acceleration in x-direction. We may also write Eq. (1.3) as: 


F= _—i__, -Gg = (Force exerted on unit charge) x (Charge q2) (1.4) 

Thus, a convenient method for describing the effect on a charged particle with charge 
q, due to other charge is the use of field intensity, ¢,. We define ¢, as the force exerted on 
a unit +ve charge. Thus, 


F, = g&, newton (1.5) 


Note that the value of F, depends on gq, and distance (x2 — x,). But for a more generic 
case, there may be a number of different charges placed at various locations. £, signifies the 
overall effect of all these charges on a charge q, placed at a point (x, 0). 

Note that when q, is a +ve charge then it will repel a +ve charge towards +ve direction 
of x-axis (assuming x» is greater than x,). Thus, the direction of the field intensity at a point 
is the direction in which a +ve charge would move when placed at that point. In Fig. 1.3, 
for g, and gz both assuming +ve charges, g2 will move away from qg, under the influence of 
field intensity ¢,. It resembles the situation of a body falling downward, along the direction 
of gravitational field. If we try to move q. towards q,, we have to exert (i.e., do some work) 
against the electric field. 


1.2.3 Potential (V) 


Potential V (in volts) of a point B w.r.t. point A is the work done against the field in moving 
a unit positive charge from A to B. For point A at x, and B at x, we have 


V=-( 2, dx (1.6) 


where £, represents the x component of the field. By differentiation, we get 
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é --= Vim. (1.7) 


=z 


The minus sign in Eqs. (1.6) and (1.7) indicates that the electric field is directed from 
the region of higher potential to a region of lower potential. Note that when we raise a body 
of mass m from the ground level to a height A, we are working against the gravitational force 
(which is acting downwards), and the body of mass m having raised to height A has potential 
energy of mgh. Similarly, here incremental work done against the field is — (¢, . dx), iLe., 
incremental potential raised is — (ge, . dx) and hence the net potential raised from A to B is 
as given in Eq. (1.6). 

We define potential energy U as the product of the potential V and the charge gq, i-e., 

U = qV joules (1.8) 

If we consider an electron (with charge — g) then the potential energy of the electron is 

—qV joules. We also use a unit electron volf given by 
1 electron volt = 1.60 x 107!” joules (1.9) 

Note that any type of energy (electrical, mechanical, thermal or similar) may be expressed 
in electrons volts. 

If an electron falls through a potential of 1 V, its kinetic energy increases and its 
potential energy decreases by 1 eV, Le., by 1.60 x 10-1? J, 

Using law of conzervations of energy, we have 
Total energy W = Potential energy LU! + Kinetic energy K.E. 


or W =U += mv” =Constant (1.10) 


1.2.4 Concept of Potential Barrier 


Consider two parallel plates A and B separated by a distance x, with plate B at a volt -V, 
w.r.t. plate A. [See Fig. 1.4(a)] 


Fig. 1.4 (a) Parallel-plate system showing an electron leaving plate A with an initial velocity v, 
and moving towards plate B, Le., in a retarding field. (b) The potential between A and ZB. 
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Let an electron £ leaves the surface A with an initial velocity v, in the x-direction. When 
this electron reaches B, let it have the velocity v (of course, v < v,, due to retarding field). 
When the electron reaches B, it has acquired (~ gi— Vy) = gV, potential energy. By the law 
of conservation of energy, we have 


Total energy W = Smug = =mo® a qv, joules (1.11) 


1 ; 
We have assumed kinetic energy of the electron E at plate A as sm (and zero 


potential energy while at plate A, being earthed). 
The final velocity v attained by the electron in this system (where W is constant) is 
independent of the form of field distribution, as long as the plate B is at -V, volts w.r.t. plate 


I 1 
A. For the electron £ to reach plate B, aime must be larger than qV,, so that 5m (the 


K.E. at x =2x,) is +ve, and the ELE. of the aioe (due to velocity vp) overcomes ae repulsive 
force of plate B in moving from plate A to plate B. 

Assuming that the electrodes A and B are large compared to the separation distance x), 
we may assume the plot of potential versus distance (linear plot), between plates A and B, 
as shown in Fig. 1.4(b). 

It is clear that higher is the value of V, (i.c., the plate 8 being more negative w.r.t. the 
plate A), higher is the K.E. required by the electron at A in order to reach plate B. The 
voltage V, (which prevents electron at plate A to reach plate A) is called the barrier 
voltage. In other words, we must overcome the potential barrier to cause conduction. We 
shall see in the chapter on diode that we must apply an external voltage greater than 
voltage V, to overcome the barrier effect of V, volts. 


13 CONDUCTION IN METALS AND ELECTRON GAS 


In a metal, the outer or the valence electrons are very loosely (almost zero attachment) 
attached to any individual atom. These atoms have at least one (or two or three) electron 
per atom free to move throughout 


the interior of the metal when an @ (+) @ (+) (+) 
oe 


electric field is applied. 


In Fig. 1.5, a schematic diagram r i or free 
of the charge distribution within a (+) (+) (+) Oe secre 


metal has been shown. The +ve e bad 

charge (@) shows the nucleus and it e 

is tightly bound with the inner O° 08 @) o, Bound 
electrons (i.e., with the non-valence bors 


electrons). The black dots (*) show 
the outer or the valence electrons in on OQ. @ On 


each atom. In metals, these valence ; 

electrons move about freely and the Fig. 1.5 Typical arrangement of fe atoms in one plane 

swarm of these electrons is called in a conductor such as a metal, drawn for the 

electron gus. monovalent atoms, Here, each atom contributes 
one electron (shown by a dot) to electron gas. 


Chapter 1 Semiconductor Physics 7 


As per the gas theory, the electrons in a metal are in continuous motion and the 
direction of their flight changes at each collision with the heavy (almost stationary) ions. The 
average distance between collision is called the mean free path. The net number of electrons 
crossing a unit area in the metal, during a given time is on the average, zero. Consequently, 
the average current is zero even if we short circuit two ends of a metallic conductor. In short 
circuiting the two ends of the conductor, we have zero electric field ¢. 

When we apply a constant electric field ¢ to the metals, (see Fig. 1.6) the electrons, being 
almost free, would be accelerated and their velocity would increase indefinitely with time, 
if no collisions with the ions were there. At each inelastic collision of an electron with the 
ions, however, the electron loses energy and changes direction. After collision, the probability 
that the electron travels in a particular direction is equal to the probability that it travels 
in the opposite direction. We, therefore, assume that the velocity of an electron increases 
linearly with time between collisions and is, on an average, reduced to zero at each collision. 
A steady-state is reached when an average value 
of the drift velocity vy is attained, its direction ~@ (an electron) 


being opposite to that of ¢ (the electric field), as | 
shown in Fig. 1.6 


Ee 
= * + — 
Between collisions, the electron picks up speed, Fig. 1.6 An electron (charge, -q) moves 


given by af (acceleration “ time). Here, a is left hand side. i ap 
acceleration which equals 4q/m and ¢ is the time the di ae PE 
reckoned from the last collision. 


The drift velocity is proportional to ¢ and is given by 
Ug = we (1.12) 
where vy is the drift velocity (m/s), wis the mobility (m*/V — 8) and ¢€ ts the electric field (V/m). 
The mobility signifies the ease with which a body/particle can move under certain 
prescribed conditions. A high value of mobility yw implies that the body/particle will move 


faster than the body/particle having lower value of yw. Thus, a rubber ball is more mobile 
than a rough stone on the ground, when both are pushed with equal forces. 


Thus, the electric field ¢ has caused a steady-state drift velocity vy and this velocity has 
been super-imposed on the random thermal motion of the electrons. Hence, we have a direct 
flow of electrons (due to non-zero vy) which constitutes current. 


1.3.1 Current Density (./) 


Consider a conductor with length L and cross-sectional area A having N electrons uniformly 
distributed as shown in Fig. 1.7. Let electric field ¢ be applied across the length L, which 
causes the electrons to travel distance L in time T. 


Electrons moving LHS 
(Total electrons = N) 


Fig. 1.7 Conductor for calculating the current density J. 
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Drift velocity vy == 


N 
Number of electrons crossing any area/sec = T coulombs 


As each electron has charge q 


Current J = Fs (- J = Charge per sec) (1.13) 
N 
=g. ~ T= Lop 
WF ha [ ‘dl 
Hence, I= ot (1.14) 
. _ Current J 2 . 
Thus, Current density J = eo — Asim (1.15) 
Area A 
qNwvy 
1.é., d= 
LA 
As electron concentration 7” = Po Oe eee 
Volume 
a at cari (1.16) 
74 : 
By using Eqs.(1.15) and (1.16), we obtain 
J = qnvyg = Pyvg (1.17) 
or J = grr (1.18) 
where o, = Volume charge density = gn coulombe/m* (1.19) 


The aforementioned derivation is independent of the form of conduction medium. Thus, 
Fig. 1.7 can represent a portion of a gaseous-discharge tube or a volume-element of a 
semiconductor. Moreover, neither , nor v, need to be constant; these can have values which 
vary with time and situation. 


1.3.2 Conductivity (o) and Resistivity (p) 


As we know, J = gnu, 
= qnue 
We may write Eq. (1.18) as: 
J = oe (1.20) 
where dis called the conductivity. Hence we have 
Conductivity o= gnaw (Qm)" (1.21) 


We confirm Ohm's law as follows: 
f=JA=ceA (. af = oe 


*Equation (1.21) shows that the conductivity is proportional to the concentration vn of the charge 
carriers. 


Vy L 
== " R sd 
a Aor A 
Resis R= 1 = cL 
sistance i= Fy Py (1.22) 
Conductivity o= ae = = (1.23) 
Resistivity p 


pis called resistivity. 


\2 EXAMPLE 1.1 


A rectangular cross-section conductor has length/cross-sectional area ratio of 700 x 10° m™', 
A current of 5 mA produces a voltage drop of 100 mV across the length. Determine the 
electron concentration given that the electron mobility is 500 em*/Vs. 


Solution: The given data is (see Fig. 1.8): 
Voltage V = 100 mV = 0.1 V 
Current [= 5 mA=5x 10° A 


__Length | 400x108 m2 
cross-section A 


- I 
100 m¥ 
Mobility w= 500 em/Vs = 500 x 107 m-/Ve Fig. 1.8 Ths details of Example 1.1. 


1 
id oo aR { re : + -75 
ee ( ate 
AV I 
(5x10) 
= (700 x 10°) ——_—_—— 
(0.1) 


a= 3.5 x 10° (Qmy' 
ao 


Also, h=— 
qu 


[. o= qnyl 


_ 3.5 «10° 
(1.6 x 107"*) (500 x 10) 


= 4.375 x 107! em Ans. 


= 4.976 x 107" m~ 
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The free-electron concentration found in Example 1.1 is n = 4.375 x 10° /m? and is a 
typical value for the conductors. In insulators, however, only a few carriers, in the order of 
n= 10'/m* are available as concentration. The material whose carriers concentration n lies 
between those of conductors and the insulators are called semiconductors. Semiconductors 
form an important category of materials in Electronics. 


Typically, we have 


Conductors 1077 to 10 noe/m? 
Semiconductors 10" to 10"* nos/m? 
Insulators 10° to 107 nos/m? 


In Example 1.1, the ratio (length/cross-sectional area) is also typical and is 500 to 1000 
x 10° m-!. Such values are valid for IC circuits. For example, in an LSI (large scale integration) 
type of IC, length ZL may be 2.5 mm and cross-sectional area A = 1 im ~ 3.5 um, which gives 
LA = 7.15 = 10° mo. In nanotechnology, the size of [Cs will further decrease and we expect 
a much lower value of cross-sectional area A, thereby the ratio G/A will increase. 


1.4 THE INSTRINSIC SEMICONDUCTORS 


Silicon (Si), Germanium (Ge) and Gallium Arsenide (GaAs) are the three most widely used 
materials for semiconductors. Silicon devices, however, are used in most of the applications. 
In this section, we bring out the conduction methodology in the semiconductors. 

A pure Silicon atom has 14 electrons (arranged 2 + & + 4 in inner to outer orbits). Thus, 
Silicon has a valency of 4, i.e., it is tetravalent. Hence, an ionic core of Si atom would have 
a charge of +4 in units of electronic charge. 

This implies that a Silicon ion obtained by removing four electrons from its outermost 
orbit will be a positively charged ion with 4 x 1.6 x 10-™ C charge. Due to valence binding, 
each Si atom is bound with its four neighbouring atoms by sharing each other's valence 
bond. The valence electrons are tightly bound and are hardly available for conduction. 


14.1 The Concept of Hole 


At a temperature of zero kelvin, the ideal structure shown in Fig. 1.9 behaves as an insulator 
because no free carriers of electricity are available (all the electrons being covalent bonded). 
At room temperature some covalent bonds may break, for example, in Fig. 1.9 an electron 
shown at location 1° has come out from the covalent bonding (location 1), having been set 
free by thermal energy. Since an electron has left the covalent bond region 1, this region 
assumes a hole of the same value of charge (i.e., +g) as that of an electron. Thus, from a 
neutral atom, if an electron has been displaced (by any means, heat or electric field), the 
remaining atom (ie., the +ve charged ion) may be imagined as a neutral atom plus a hole, 
where a hole has (+g) charged and (—m) mags. Addition of an electron and a hole results zero 
mass and zero charge. The energy Eg required to break a covalent bond at room temperature 
is about 1.1 eV for Silicon. Thus, the absence of an electron in the covalent bond is shown 
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by a hole (A hollow circle shown at location 1). Holes serve as carriers of electricity, though 
these are eluggish in movement (less mobile) as compared to the mobility of electrons. 


Covalent 


Fig. 1.9 A pictorial representation of a Silicon crystal when a covalent bond is 
broken. A broken covalent bond is shown in the centre by dashed lines. 


When the location 1 lacks a covalent electron and instead a hole is there, it is easy for 
the neighbouring covalent electron (say, at location 2) to come/jump to location 1, make the 
location 1 as a proper covalent bond but in the bargain a hole gets generated at location 2 
from where the electron has come. Effectively, a hole has moved from location 1 to location 
2 and an electron from location 2 to 1. The motion of the hole in one direction actually means 
the transport of a -ve charge (by the electron) an equal distance in the opposite direction. 
A hole behaves like a +ve charge equal in magnitude to the electronic charge. By quantum 
mechanics, a hole can be proved to be a +ve charged particle. 

The movement of a hole from one location (No. 2) to another location (No. 1) constitutes 
movement of charge +g from location 2 to 1. This amounts to flow of current (because 
current = charge movement per second). Similarly, movement of a free electron from location 
1 to 2 amounts to a negative current from location 1 to 2, 1.¢., a conventional positive current 
from location 2 to 1. 

In other words, both holes and electrons movement contribute to the conduction process. 
Their mobilities are, of course, different. These p and nm carriers move in the opposite 
direction but being of opposite signs (+ve and —ve), the current (conventional) contributed 
by movement of each ia in the same direction. [t may be noted that the time taken by the 
holes and the electron to move the same distance are not equal. The holes are sluggish in 
movement, i.e., these are less mobile as compared to the electrons, which are, more mobile. 
The net current caused by the movement of electrons and holes gives a current density J. 


1.4.2 Conduction in Intrinsic Semiconductors 


Pure &1 or Ge crystals are called intrinsic semiconductors. In these intrinsic materials, 
creation of a free electron is accompanied by creation of a hole, Hence 
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pene=n,; for intrinsic semiconductor (1.24) 
where p = Concentration of holes (Nos/m*) 
n = Concentration of electrons (Nos/m*) 
n,; = Concentration in intrinsic material (Nos/m*) 
The value of n; is temperature dependent. As temperature increases n; also increases. 


Net current density due to electron and hole movement under field intensity ¢, by using Eq. 
(1.18) for electron n and hole p concentrations, ix 


J = ging, + DUDE (1.25) 
or J = oF (1.26) 
where Conductivity (in general) o= ging, + pp,) (1.27) 
For intrinsic semiconductor, since p = nr = A, we, therefore, have 

cg; = qn; (py + Hy) (1.28) 
where q = Charge of an electron = 1.602 x 107 C 


u, = Mobility of electrons (m*/Vs) 
ly = Mobility of holes (m/Vs) 

€ = Electric field (V/m) 

@ = Conductivity (Qm)"' (9; is for intrinsic materials) 
J = Current density (A/m*) 


For silicon, atomafem® = 5.0 x 10% and mn, = 10" %em4. 


Thus, only 1 atom in about 10° atoms contributes a free electron-hole pair by breaking 
a covalent bond in Silicon crystal. 


EXAMPLE 1.2 


A slice of intrinsic silicon bar is 3 mm long and has a rectangular cross-section 50 wm x 10 pm. 
At 300 K, determine the electric field intensity in the bar and the voltage across the bar 
when a steady current of 2 pA is measured. Take the value of resistivity p = 2.30 = 
105 Qicm at room temperature (300 K). 


Solution: As J = de 


_ 2x10* 23x10 
~ (50x10)x (10x10) 100 
(taking A in m? and p in Qm) 
‘ €=9.2 = 10° Vim 
Voltage across the bar Vio = eb = 92x 10« 3x 10° 
Vier = 2760 V Ans. 
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We note that in the intrinsic semiconductor, to pass a current of only 2 WA, we need a 
high voltage of 2760 V. 

Example 1.2 shows that the intrinsic semiconductors are not suitable for electron devices 
since their conduction is too low, and we need very high voltages to obtain even micro 
ampere of current. This problem is solved by doping the intrinsic materials, which is discussed 
in Section 1.5. 


15 EXTRINSIC SEMICONDUCTORS (DOPED SEMICONDUCTORS) 


A common method to increase the number of charge carriers in the intrinsic semiconductor 
is to add a small, carefully controlled, impurity content into the intrinsic semiconductor. The 
addition of impurities, most often by a trivalent or a pentavalent atoms, converts the intrinsic 
semiconductor to extrinsic or doped semiconductor. Each type of impurity establishes a 
semiconductor which has predominance of one kind of carrier (i.e., either a hole or an 
electron). The usual level of impurity is in the range of 1 atom in 10° to 10° (note that in 
an intrinsic semiconductor roughly 1 atom in 10" contributes a free electron or a free hole). 
The most commonly used intrinsic semiconductor is Silicon (tetravalent material). 


1.5.1 n-type Semiconductors 


To achieve n-type semiconductors, we dope the intrinsic semiconductor (say, Silicon) with a 
pentavalent impurity, and to achieve p-type semiconductors, we dope by a trivalent impu- 
rity. A few commonly used doping materials are 


Donors (Pentavalent atoms): To obtain n-type extrinsic material 


Atomic number 


Antimony (Sb) §1 (2+ 8 + 18 + 18 + 5) 
Arsenic (As) a3 (2 + 8 + 18 + 5) 
Phosphorous (P) 15 (2 + & + 5) 


Acceptors (Trivalent atoms): To obtain p-type extrinsic material 
Atomic number 


Boron (B) 5 (2 + 3) 
Gallium (Ga) 31 (24+ 8418 + 3) 
Indium (In) 49 (2+ 8+ 18 + 18 + 3) 


The figures in the brackets against each doping material indicate the number of elec- 
trons in various orbits starting from the innermost to the outermost orbit, Note that for 
pentavalent atoms, there are 5 electrons in their outermost orbits and similarly for trivalent 
atoms, there are 3 atoms in their outermost orbits. 


As seen in Fig. 1.10 doping is done by a pentavalent atom (shown +5). Four of the 
valence electrons of the impurity atom occupy covalent bonds, along with the neighbouring 
4 Silicon atoms. However, the fifth valence electron of the impurity atom remains unas- 
signed or unbounded by any bond. This loose (fifth) electron is available as a carrier of 
current. The energy required to detach this fifth unattached electron from the parent atom is 
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of the order of only 0.05 eV for Silicon, and is considerably less than the energy required 
(1.1 eV) to break the covalent bond. 


Free electron 
(available ae a 
earner of charge) 


Fig. 1.10 A crystal lattice with Silicon atom (a tetravalent atom) when displaced by 
a pentavalent impurity atom (such as phosphorus, being a pentavalent atom). 


Note that this energy (0.05 eV) is about one twentieth of the energy (1.1 eV) required 
to pull out an electron from the covalent bond. Whereas we needed a voltage of 1.1 V to pull 
out an electron from the covalent bond in the pure Silicon material, we require only 0.05 V 
to pull out an electron from the doped Silicon. Moreover, by “heavy/moderate" doping, we 
expect “heavy/moderate” currents, and that too with much lower electric field, from a doped 
Silicon material. 

The commonly used pentavalent impurities are Antimony (Sb), Phosphorus (P), and 
Arsenic (As). Such impurities, which donate their excess (fifth) electron (as a carrier) are 
called donor, or n-type impurities. 

Due to doping by an n-type material, the total number of carrier electrons increases and 
also the carrier holes available in the extrinsic material are less than those were in the 
undoped (intrinsic) material. This is so since a large number of relatively free electrons 
available in the doped, semiconductor material recombine with a few of ita intrinsic holes. 
Thus, the dominant carrier in an n-type semiconductor are the electrons, though there are 
also a few holes available in the n-type semiconductor material. 


1.5.2 p-type Semiconductors 


Boron, Gallium and Indium are trivalent atoms and when added to an intrinsic semiconductor, 
they provide electrons to fill only three covalent bonds (see Fig. 1.11). In the fourth bond, 
nil electron of trivalent atomyimpurity may be imagined as an electron-hole pair. The electron 
of this pair provides the fourth valence electron needed by the neighbouring Si atom leaving 
the hole free. The hole is relatively free to leave the covalent bond (shown dashed in 
Fig. 1.11). Thus, the trivalent impurities make positive holes available. As the holes can 
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accept electrons hence trivalent impurities are called Acceptors and the trivalent impurities 
added to intrinsic semiconductors yield p-type semiconductors. In the p-type semiconductors 
the holes are the predominant carriers. A few of these holes combine with electrons available 
in the intrinsic Si (which we denoted by n,). Thus, in an equilibrium state the net number 
of unbounded electrons is less than nv; and net number of holes is much more than p;,. 


Valence electrona 


Covalent bonds. 


Silicon ion 


Fig. 1.11 <A crystal lattice with Silicon atom (a tetravalent atom) when 
displaced by a trivalent atom (such as Indium). 


The intrinsic semiconductor material may be made n-type or p-type extrinsic semicon- 
ductor by doping with Donor or Acceptor materials. At times we require doped (extrinsic) 
materials capable of behaving almost as a good conductor, this is accomplished by doping 
heavily. Such materials are denoted by n*- or p*-type extrinsic semiconductors. n* extrinsic 
material mean that the original (intrinsic) material has been doped heavily by a donor 
impurity, and that there are much more free electrons available in n* material than those 
in n material. This makes n* materials good conductors. Similar is the case for p* extrinsic 
materials, where heavy doping is done by acceptor impurities. 

Also, a p-material (51 doped by trivalent dopant), can be made an undoped material by 
doping the given p-material by an n-dopant (i.e., by a pentavalent dopant). Similarly, a 
n-material (Si doped by a pentavalent dopant) can be changed to an undoped material by 
doping it by a trivalent dopant. Further doping can turn an n-material to a p-material. In 
short, it is feasible to change the nature of one type of doped (say, p) extrinsic Si to the other 
type of doped (say, n) extrinsic material. This facility enables us to fabricate a complete 
transistor device on a common Silicon substrate. 


1.5.38 The Mass-Action Law 


The addition of n-type impurities in the intrinsic semiconductor increases the free electrons 
concentration and decreases the free holes concentration from that was present in the 
intrinsic semiconductor. Similarly, the addition of a p-type impurity increases the holes and 
decreases the electron concentrations. Under thermal equilibrium, the product of the 
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free negative and positive concentrations is a constant. This is called the Mass- 
action law, i.¢., 
np =n? (1.29) 
where a» = Concentration of —ve (electron) after doping 
p = Concentration of +ve (holes) after doping 
n; = p; = Concentration of electron n,; or of holes p,; in the intrinsic semiconductor 
In n-type semiconductor, the electrons are the majority carriers and holes the minority 
carriers. Reverse is the case of p-type semiconductor, where the holes are the majority 
carriers and electrons are the minority carriers. The word ‘Carrier’ implies that these (nm or 
Pp) are the current carrying agents. 


1.5.4 Carrier Concentrations 


A small amount of energy is needed to ionize the atoms. When we remove an electron (or 
a hole) from an overall neutral atom, the remaining atom is positive (or a negative) ion. The 
energy needed to remove an electron (or a hole) from the neutral atom depends on the 
temperature, decreasing with increasing temperatures. The electronic devices normally operate 
at temperature greater than 200 K. At these temperatures, there is sufficient thermal 
energy to ionize almost all the extrinsic materials. Using the Mass-action law, we can 
determine the charge densities in the semiconductors. 

If Np is the concentration of donor atoms, there will be Np immobile positive charges 
per unit volume contributed by the donor ions as the donor atoms are ionized to positive 
charge, since they give away their electron. 

The positive charge density will, therefore, be Np + p. Similarly, as the acceptor atoms 
are ionized (to negative charge) there will be N, immobile negative charges per unit volume. 
The negative charge density will, therefore, be Ny + nm. 

Since the crystal is overall electric neutral, hence 

Np +p2Na+n (1.30) 
where Np = Concentration of donor atoms 
N, = Concentration of acceptor atoms 
p = Concentration of holes 
a = Concentration of electrons 


In a-type materials, N, = 0 and p << n, therefore, Eq. (1.30) gives 
n= Ny in a-type semiconductor (1.310) 
Similarly, p= Ny in p-type semiconductor (1.315) 
Using np=n; (Mass-action law) 
We finally have the following relations: 
ne=Npy pe = for n-type semiconductors (1.322) 
"p 
2 
p«N,: n= oe for p-type semiconductors (1.32b) 


F. 
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i EXAMPLE 1.3 


An extrinsic n-type Silicon sample is 3 mm long and has a cross-section of 5 x 10-° m*, The 
donor concentration at 300 K is 5 = 10“/cem* and corresponds to 1 impurity per 10° Silicon 
atoms. A steady current of 2 pA exists in the bar, Determine the electron and hole concen- 
tration, the conductivity, and the voltage across the bar (the n-type sample here has the 
same dimensions and current as does the intrinsic Silicon in Example 1.2). 


(Use nj = 1.45 x 10%em*, yw, = 1500 cm*/Ve for Silicon) 


Solution Given a= Ny = 5x 10%/cm? = electron concentration 
n; = 1.45 x 10"/em? at 300 K 


As p 7 [From Eq. (1.32a)] 
, O42 
= tbx10 > =42* 10 /em? Ame. 
x10" 


Then Conductivity o = ging, + pu) [From Eq. (1.27)] 
sgn, ('. p << n for n-type semiconductor) 
= (1.60 x 107") (5 = 10") (1.5 x 10%) 

fs g= 0.12 (Qcm)>" Ans. 

1 1 

and Resistivity P= 012 (f2cm) [From Eq. (1.23), @ = Lia] 
= 8.33 (fQicm) 

Voltage across the bar 


Vbar = ab ae [ of = oe, due to Eq. (1.25) and assuming p << n] 
o 


_ (2x10) «(3 x10")  A=5x10°% m? 
(565x107 «10*)* 0.12 =§*107 x10* cm? 
Vier = 0.1 Vo Ams. 


Note that in intrinsic semiconductor (Example 1.2), we would require a voltage of 2760 V 
to produce a current of 2 wA, whereas in extrinsic semiconductor (here) we require only 
0.1 'V. This amounts to reduction of voltage by a factor 2760/0.1 = 27600. It also amounts 
to decrease in resistivity from 2.30 = 10 to 8.33 ({iem), Le., the same factor. Such a dramatic 
increase in the number of free electrons (from 1.45 x 10'" in intrinsic to 5 x 10" in extrinsic) 
occurs when 1 impurity atom is added in 100 = 10° intrinsic atoms {i.c., 1 in 10° ratio). 
In fact, by controlling the impurity concentration while fabricating an extrinsic semiconduc- 
tors, we can obtain any desired property of ‘he doped materials. 
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1.5.5 Generation and Recombination of Charges n*, p* 


If we add an equal amount of donor and acceptor impurities to an intrinsic material, the net 
13 again an intrinsic material as the equal and opposite type of impurities cance) each other's 
effect. Also, if we add donor impurities to an n-type semiconductor, the n-type semiconductor 
can be termed to be heavily doped (n*) material. If we add acceptor impurities to n-type 
semiconductor, the n-type semiconductor may become lightly doped and even turn to p-type 
material, Under these conditions we use Np — N, (or Ny — Np) in the various formulas 
n = Np (or p = Ny) given by Eq. (1.31a) or Eg. (1.315), respectively. 

In fact, the above facts helps us in IC fabrication and to make npn or pnp transistors 
at will. We shall discuss the use of apn and pnp transistors in the subsequent chapters. 

In intrinsic semiconductors, the number of holes is equal to the number of free 
electrons. Thermal agitation, however, continues to generate new hole-electron pairs per 
unit volume per second, where other hole-pairs disappear as a result of recombinations. 
On the average, a hole will exist for 1, seconds before recombination. Similarly, an 
electron will exist for 1, seconds before recombination. 7, and ¢, are called the mean life 
times of the hole and electron, respectively. These parameters are important in 
semiconductor devices as they indicate the time required for electron and the hole 
concentrations, which have been caused to change, to return to their equilibrium 
concentrations. The mean life times assume special significance where we operate 
semiconductors at microwave frequencies. 


16 EFFECT OF TEMPERATURE ON THE PROPERTIES OF SILICON: 
VARIATION OF MOBILITY WITH ELECTRIC FIELD ¢ 


The conductivity of a semiconductor derived earlier (Eq. 1.27) is: 


o= ging, + pup) (fim)-' (1.33) 


Thus, @is a function of hole and electron concentrations (p, n) and their mobilities 
(i. #,). The semiconductor devices are subject to wide range of operating temperatures T,, 
which in turn varies p, n, , and gw, and hence the conductivity o of the semiconductor. 


1.6.1 Intrinsic Concentration 


In the intrinsic semiconductor, the hole-electron pairs increase with increase of temperature. 
Theoretically, we have the relation: 
ni = AT ¢ Bao? (1.34) 
where n,; = Intrinsic concentration in number/m?*. 
Ego = Energy gap, ie., the energy needed to break a covalent bond at 0 K in eV 
k = Boltzmann constant = 8.620 x 10 eV/K 
A, = A constant, independent of T 
TY = Temperature in kelvin 


For an extrinsic semiconductor, variation of T changes the charge densities as follows. 
For, say, p-type semiconductor where p >> n and p = Ny, all the acceptor atoms are almost 
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ionized. As T increases, n, increases. But pn = ne (the Mass-action law), and p = Ny, = constant. 
Thus, with increase of T, n must increase, i.e., the minority carriers increase. This is true 
for n-type semiconductor also. Hence, increase of temperature T increases the minority carrier 
concentration. 


1.6.2 Mobility (4) 


For 100 K < J < 40) K, the mobility is approximated by 

uw = (Constant B,). 7" (1.35) 
where m = 2.5 for electrons and 2.7 for holes, i.e., the holes are less mobile compared to the 
electrons. 


Also, we note that the value of w (the mobility) decreases with increase of temperature 
T. At higher temperatures more carriers are present. These carriers have more energies 
and, therefore, cause more collisions. As stated earlier, after each collision, the colliding 
carriers lose energy and speed, and almost come to standstill. Thus, more collisions makes 
the charge carrier less mobile. This results in decrease of mobility wy. 


Mobility also is a function of electric field intensity, and is given (say, for electrons) as: 


constant, ¢< 10° Viem 
=A, 109 Vem <¢ <10* Viem (1.35b) 
Age’, — € > 10* Viem 
where A, and A, are constants. The formulae given in Eq. (1.35) are almost approximate and 


not exact. It only shows the dependence of mobility (wu, here) on the electric field intensity 
€ and temperature T. 


Note that from Eq. (1.12), vy = we and for ¢ > 10° Viem, 4.¢ = Ay (constant). Hence 
vg= A>, a constant for ¢ exceeding 10° Viem. 


The drift velocity approaches 10° cm/s (saturation velocity) when the electric field ¢ 
exceeds 10‘/em, i.e., for ¢ > 104 Vicm. 


1.6.3 Conductivity (oa 


(i) Conductivity of an intrinsic semiconductor increases with increasing temperature 
(as mn, Increases) [see Fig. (1.12a)]. 


oN, 


600 T (kelvin) 
Fig. 1.12(a) Variation of conductivity Fig. 1.12(b) Decrease in conductivity as 
@ with temp. T, for int- temperature varies between 
Fingsic semiconductor, 100 K and 600 K for extrinsic 


semiconductors. 
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(ii) In extrinsic semiconductors for 100 K < T < 600 K, majority carriers are nearly 
constant but diminished mobility causes the decrease in conductivity with tempera- 
ture rise. [see Fig. (1.12b)] Thus, when we use semiconductor devices (such as BJT 
transistors or MOSFETs), we must keep the operating temperature under control 
(say, by airconductioning), to achieve the designed performance of the systems. 


1.7 DIFFUSION CURRENTS 


In addition to the conduction current of charges in a semiconductor, the charges are also 
transported by a mechanism called diffusion. Note that the diffusion is ordinarily not 
encountered in metals. This is due to high conductivity in metals (good conductors) there is 
almost nil current carrier (the electrons) con- 

centration variation along the path of conduc- p(x) Surface 

tion current. However, in the case of semicon- 
ductors, the charge carriers (n and p) do not get 
transported immediately. They have much lower 
mobilities (compared to the mobility of electrons 
in metals), and hence these tend to be distrib- 
uted unequally along conduction path. 

Let us consider non-uniform concentrations 
of particles in a semiconductor, i.e., that of holes 
as shown in Fig. 1.13; here the concentration of 
holes p varies with distance x, and there exits ia 
a concentration gradient dp/dx in the density of Deas ; 
charges carriers. The holes are in a random Fig- 1-18 A pictorial representation of a non- 
motion due to the thermal energy; the holes uniform hole density and the 
continue to move back and forth across a given Spee eee err oe 
surface (like the one shown dashed). Since the Fes nee Rplatnor eg - 
concentration is higher on LHS of dashed x-direction me 
surface, we may expect that in a given time ; 
interval, more holes will cross the surface from 
the side of greater concentration to the side of the smaller concentration. This net transport 
of holes across the surface constitutes a current in the +ve direction of x. It may be noted 
that this transport charge is not the result of mutual repulsion among the charges of the 
same sign but simply the result of a statistical phenomenon. This diffusion is analogous to 
that occuring in natural gas if a concentration gradient exists. In this case there is a 
gradient (i.e., variation) of hole density p as x varies. The current density due to diffusion 
is given by 


oa 4 


a 
ca 
age 
a a 


== 


ee D, (1.36) 


Similarly, for the case of gradient in electron density n, we have diffusion current: 


J, =+qD, — (1.37) 
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The —ve sign in Eq. (1. 36) is due to the fact that gradient dp/dx is -ve as x increases. 
But the current density J, is towards increasing x-direction (i.c., current flows towards the 
norsasing direction of x in Fig. 1.13). By taking -ve sign on RHS of J, in Eq. (1.36), the 
value of current density J, turns out to be +ve as is apparent in Fig. 1.13. However, in 
Eq. (1.37), we have taken had sign for RHS of -/J,. Electron flowing towards +ve x-axis 
amount to —we current flowing towards +ve x-axis. As dn/dx will be -ve in case of high 
concentration electrons on LHS of Fig. 1.13, the expression +qD,, dn/dx as given in Eq. (1.37) 
will be —ve, as desired. We shall define the constant D, and OH, in the next sub-section 1.7.1. 


1.7.1 The Einstein Relationship 


Both, the diffusion and mobility are statistical thermodynamic phenomena; hence D and wu 
are not independent. They are related by Einstein equation: 


Dy Ps wy, (1.38) 
ie ie, 
ir oT 
here ae volt 
i rq 11,600" 


V; = Voltage equivalent to temperature 
D,, D, = Diffusion constants for hole and electrons, respectively in m*/s 
Moy Mp, = Mobilities for holes and electrons, respectively in m/Vs 
— = Boltzmann constant = 1.60 x 10° =x & = 1.381 =~ 10 JK 
k = Boltzmann constant = 6.620 x 10° eV/K 


At room temperature ae +3650 = 25 mV (1.392) 


and w= 38.6D or w= 40 D (1.39b) 


L7.2 Total Current 


It is also possible to have both the potential gradient as well as concentration gradient to 
exist simultaneously within a semiconductor. In such cases, using Eqs. (1.18), (1.36) and 
(1.37), we get 


Total current = Drift current o Diffusion current 
(due to field £ (due to concentration gradient) 
Le., di, =qH,pe — gD, a (net hole current) (1.40) 
dn 
J, =Qi,né +qD,, = (net electron current) (1.41) 
where 4, H, = Mobilities of holes and electrons in m*/Vs 


p,n = Concentrations of holes and electrons in Nos./m* 
€ = Electric field intensity in V/m 
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gq = Charge of a hole/electron = 1.60 x 10-* coulomb 
fd 
2 = Hole and electron diffusion constants in m/s 


The values of important parameters such as intrinsic concentration, mobility and diffusion 
constant for Silicon and Germanium are given in Table 1.2. 


Table 1.2 Properties of Intrinsic Silicon and Germanium 


Germanium 


(Si) (Ge) 


Atomic number 14 a2 
Atomic weight 28.1 72.6 
Density (g/em*) 2.33 5.32 
Relative permittivity (dielectric constant) 11.9 (= 12) 16 
Atoma/em* 5.0 x 10% 44x 167 


Energy gap Ego at 0 K (Vi) 1.21 0.785 
Energy gap Eg at 300 K (eV) 1.12 0.72 
Resistivity o at 300 K (Qcm) 2.3 = 105 4.5™« 16 
Electron mobility 4, at 300 K (cm2/Vs) 1500 3800 
Hole mobility yw, at 300 K (em*/Vs) 475 (= 500) 1800 
Intrinsic concentration nm, at 300 K (Nos/em*) 145 x 10% 1.510% | 25» 10% 
Electron diffusion constant D, at 300 K (cm*/s) a4 a 
Hole diffusion constant D, at 300 K (cm/s) 13 47 


18 GRADED SEMICONDUCTORS AND CALCULATIONS OF BARRIER 
POTENTIAL 


Let us consider a graded semiconductor, i.e., the concentration. of, say, p to be non-uniform, 
as shown in Fig. 1.14(a). 


Hence in Fig. 1.14(a), the doping is graded, i.e.; p(x) is not constant. By Mass-action law, 
we have, therefore, 


np =n; 
where n, p = Free electron and hole concentration after doping (Noa/m*) 
n; = Concentration of hole = Concentration of electrons in an intrinsic 
semiconductor (Nos/m*) 
If p(x) varies then n(x) must also vary to make p(x) . a(x) = ne. Assume an open circuit 


semiconductor, and hence nef electronic current must be zero. There can be no steady current, 
i.e., charge motion, under these conditions (i.e., in the open circuit.) 
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As p(x) is not constant, i.e., the hole gradient dpdx exists (and is not zero). In Fig. 1.14(a) 
let p(x) be maximum at « = 0 and minimum at x= L. The holes would try to diffuse from 


0 “Ng — Vg + 78 L x 


(b) 


Fig. 1.14 (a) A graded semiconductor, 1.¢., p(x) is not constant (b) A p-n junction in which p and 
mn are uniformly doped with impurity concentration N, and Np, respectively. 


LHS to RHS due to hole gradient. To have an overall zero current an equal but opposite 
drift current of holes coming from RHS to LHS must exist. But a drift current requires an 
electric field. Thus, as a result of non-uniform doping p(x) an electric field a’x) is generated 
within the semiconductor, which will cause drift current. We know that hole current and 
electron current where drift and diffusion both are present are: 


Net hole current Jy = QM, pe - qD,, “h [From Eq. (1.405) (t.42) 
Net electron current J, =qy ne +qD, = [From Eq. (1.41)] (1/43) 


In the open circuited semiconductor Fig. 1.14a, net current must be zero. Hence putting 
a, = 0 in Eq. (1.42), we get 


0=qu,pe -qD, 2 (1.44) 
D, dp 
fa—h 
or iu, .p de (1.45) 
But Dy = jpVr [From Eq. (1.38), i.e., Einstein equation] 
Putting D, = 4,Vr in Eq. (1.45), we have 
Vp dp 
=—L = 
a(x) eae 
a ee ee 
But dV =-elx)ax (- e(x)= >) 


Vp dp 
oe) = i 
aV¥ P ).as 


Or aV =-Vp dp (1.46) 
P 
Integrating Eq. (1.46) on both sides, we get 
[V}a =[-Vp In pt 
or V, -V, =V9, =- Vp (inp, - In p,) = Vp In 
Ps 


Hence the potential difference (V, — V,) between two points x. and x, depends only on 
the concentrations p; and p, at these points independent of their separation x; — x. As 


V2, -V,=Vn=Vr in (1.47) 


Note that if p, is greater than py then no is +ve and V, > V;. Hence diffusion 


phenomenon causes holes to flow from LHS to RHS in Fig. 1.14(a); but Vz (at point x) 
being higher than V; (at point x,), it produces an electric field such that the holes on LHS 
of x» are repelled back towards LHS (towards location x,). The net effect of “diffusion 
tendency” is fully cancelled by “field effect" of voltage difference (V, — V,) so produced. 
Hence, there is no net current flow, as is expected (being an open circuited semiconductor). 

The value of potential difference (V; — V,), derived in Eq. (1.42) holds good for a generic 
ease of graded semiconductor (i.e., where p; # ps). By using the result we can determine the 
“barrier potential" for specific cases. One commonly used device in semiconductor is step 
graded junction, called p-nm junction. 


1.8.1 Step-graded Junction (Open Circuited Case) 


In most of the diodes and junction transistors the doping concentration is constant on p side 
and also constant on nv side. Such a structure yields step-graded p-n junction, as shown in 
Fig. 1.14(b). 

Thus, in a step-graded p-n junction, the concentration NV, and Np are constant through- 
out the p and mn sides, respectively. Hence, the doping density changes abruptly from p to 
n type. The junction is obviously located at the plane where the concentration is zero, In the 
equilibrium state, open circuited case, a contact difference of potential V, must exist to have 
overall currents passing through the p-n junction zero. Let 

PF. =P,, = Thermal-equilibrium hole concentration on p-side (side 1) 

P2=P,, = Thermal-equilibrium hole concentration on n-side (side 2) 

my =A, = Thermal-equilibrium electron concentration on p-side (side 1) 

fg =A, = Thermal-equilibrium electron concentration on n-side (side 2) 
But P,=Na and ™, =Np [Due to Eq. (1.32)] 


Also Pu, % My, = 7p (Mass-action law as applied on n-type side) 
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2 


As V2 -V, =Vq, =Vz7 ln = [From Eq. (1.47)] 
Put Pi = Pp, =N, and ps = Py, =n/N py, therefore, above relation yields 
V, -V, =V, =V> In—p4— 
Finally, we get 
V, = Vr In NaNp for step-graded p-n junction (1.48) 
nj 


In deriving V,, we have used the relation 
Ve, =Vp In (2.} [from Eq. (1.47)] 


However, if we use the relation 


My 


and put ng = Ny ny =nziNy (Mass action law applied on p-side) 
We again arrive at the result, 


Ve = Vey - Vr In NaNp 
! 

We conclude that an open circuited piece of doped semiconductor cannot pass current. 
Internal barrier voltages get generated which completely cancel the tendency of charge 
earrier flow due to p or a concentration gradients. The barrier voltage V, derived in the case 
of p-n junction diode plays an important role in explaining the operation of p-n devices, aa 
will be discussed in subsequent chapters. 


EXAMPLE 1.4 
The junction on a atep-graded p-n junction diode is doped with N, corresponding to 1 


acceptor atom per 10° Si atoms. Calculate the contact difference of potential V, at room 
temperature. Assume N, = Np, nj = 1.45 x 10'Yem? and Silicon has 5 = 10°* atoma/m. 


Solution: N, = 1: 10° atoms of Silicon 
But 1 m? of Silicon has 5.0 x 10°" atoms 
Na = 5.0 x a = 5.0 x 10 atoms/m® 


and Np = Na = 5.0 x 10 Nos/m? = (:-_ uniformly doped) 
Now, nm, = 1.45 x 10"° = 108 Nos/m? = 1.45 x 10" Nos/m? 
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T 
= 11,600 


V, =V_ ln MaMa 
Fh; 


= 25 mV at room temperature = 25 =< 10° V 


(6x10) 
(1.45 x 10? 7 
= (25 x 107) In (11.8906 =x 10") 
= (25 x 107%) x (log), 11.8906 x 10") (log, 10) 
= (25 x 107 (1.0752 + 12) (2.3) 
= 751.824 x 1077 
V, = 751.8 mV Ans. 


=(25 x10) In 


E EXAMPLE 1.5 


Verify the equation giving contact difference potential 
V,, = Voy = Vp In Pe Vy In MAND voite 
Pa, ny 


where Py =P, = Thermal-equilibrium hole concentration in p side 

P2 = P,, = Thermal-equilibrium hole concentration on va side 
For the step-graded junction shown, by taking the electron current density J, = 0 in Eq. (1.43) 
Solution: The net electron current is given by 


J, =H, ne+qD, -: — n-type 


Putting J, = 0, we obtain ff ES 


Hi, m dx 


Vr dn D, OD 
peep beech oe —ii—Z=V. 
n dx i a a 
dV Vy dn = dV Fig. 1.15 A p-n junction in which p and n 
= n dx : aoe are uniformly doped with 
impurity concentrations Ny and 
Np. respectively. 
— dV = Vy, @ pm respectively. 
On integration, we have 
Va As dn 
=¥V. bot 
aid r | n 
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V, = Vi = Vr [In nl 


Ve, =V, =Vp In“ 
or a=," ¥r 
my 


2 2 


But Ag = =eN, and ny =n oe. See 
ry DB Po Pp, N, 
NaNop 
Therefore, we get V,=Vr n—j~. Hence verified. 


gE EXAMPLE 1.6 


Verify the Boltzmann relationship for an open-circuited graded semiconductor. 
Solution: The Boltzmann relationship to be verified is: 


my = Ny e*n''r 
As J, =qusné + qD, = =0 
(net current being zero for open circuit) 
| __ Dy ldn 
Hi, nm dx 
__Vp dn 
A dx 
ie., _aV __Vpdn 
dx nA dx 
On integrating, we get 
Ve =¥y fds 
m A 
= Vy [In n| 
Pl Vr In a | 
Fg = evn'Vr 
” my 
Or My = Mig evar 
where n, = Concentration at x = x, 


nz = Concentration at x = x, 
Vy, = V2 — V, = Voltage at x, -— Voltage at x,, Hence verified. 
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@ EXAMPLE 1.7 


The resistivities of the two sides of a step-graded Silicon junction are 5 {em (p side) and 
2.5 Qicm (nm side). Calculate the height of the potential barrier V,. Take uw, = 475 em?/Vs and 
ui, = 1500 em@/Vs at the room temperature of 300 K, and vn; = 1.45 « 10!" atoms/em’. 


Solution: Let p, = Na and nv, = Np. 
Given Pp=5 Qem, py = 475 emi/Va, 

Pp, = 2.5 0cm, pb, = 1500 em/Vs 
But ri = =— (-- } 

u PT, UlpDy * Op = Gp - Pp 
N,=— Co pp = Ng) 
9 Hp Pp 
1 


= ——____-_____ = 2.631 x 10°5 atoms/cm? 
(1.6«10°™°)x475™5 


_1 
7 My My 


Similarly, Np (v py = Na) 


1 


*Gexi0™) <1500%25 ~ 1667 * 108 atomslem! 
6 = * « 2. 


As V,=VpiIn ANP (Eq, (1.48)) 
A; 


(2.631 x 10"° 1.667 x 10") 


=(25) In 
<=) (1.45 x10" 


2.631 x 1.667 | | | 
45)" 
= (25) =x 2.3 (0.3198 + 10) 
V, = 593.389 mV Ans. 


= 25 x 2.3 logip ( 


EXAMPLE 1.8 


(a) Determine the concentration of free electrons and holes in a sample of Germanium 
at 300°K which has a concentration of donor atoms equal to 2 = 10 atomea/em* and 
a concentration of acceptor atoms equal to 3 = 10"! atoms/em*. Is this p- or n-type 
Germanium? In other words, is the conductivity due primarily to holes or to electrons? 

(b) Repeat Part (a) for equal donor and acceptor concentration of 10" atoms/em*. Is 
this p- or a-type Germanium? 

(c) Repeat Part (a) for donor concentration of 10" atome/cem? and acceptor concentration 
10" atoms/cm. 


Solution: Given Np = 2 = 10™ atoma/em’, Ny = 3 = 10™ atome/em’, nj = 2.5 x 10™ atoma/ 
em? at 300K (for Ge) 
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(a) We know that N,t+n=Npy+p and ap= n? = 6.25 « 1078, 
3x 10%+n=2x10"%+p 
or p-n=1-~ 10" 
ne 
or p- +=1x10" 
Pp 
or p-—1ls« 10" —- 6.25 x 18=0 
2 ee +102 {100 +38 
=-(.59, 10.59 


Neglecting —0.59 as p should be +ve, we have 


p= 10.59 x 10" atoms/cm’. 


nf 


P 
_ 6.2510" 
10.59 = 10" 


Now, n= 


=0.59 x10" 


p=10.59 x10" atoms/em* 
n = 0.59 x10" atoms/em*® 
Therefore, Ge material is p-type as p > n. 
(b) If Ny = Np = 10" atoms/cm’, then from the following equation: 


Natn=Np+p 


we have n=p 
Also n.p=n 
Clearly, n = p = n,. Therefore, Ge is intrinsic by composition 
(c) Here — Np = 10°8 atoms/cm’. 
and N, = 10™ atoms/cm’, 
As Np >> Na 
Therefore, Na +n = Np + p gives us 
n= No+p 


n= Ny = 10"° atoms/cms 


= 6.25 x 10" atoms/cm? 
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As p = 6.25 = 10" atoma/em® 
n= 1% 10'* atome/em? 
Thus, the Ge is n-type. Ans. 


In thie chapter, we have briefly given the physics of semiconductor, explaining the 
concept of doping mass-action law and barrier potential. Einstein relation connecting mobili- 
ties and (yw, #,), diffusion constants (D,, D,) and Vy has been given. The concept of diffusion 
and drift currents was used to prove that an open circuited bar of semiconductor cannot pass 
current. Potential barrier voltage (V,) in respect of an important semiconductor device (i.e. 
p-n junction) has been derived. 

The bare minimum related physical properties as given in this chapter, will enable us 
to cover the operation and use of diodes and junction/field effect transistors. Additional 
physical properties will be explained in some other chapter (such as Devices) on need based 
basis. 


The important points discussed in this chapter are as follows: 


® Electric field intensity ¢, causes a positive charge to move along the direction of the 
field. An electron moves against the direction of the electric field. 

@ Jf charges (+ve or —ve) have a non-uniform gradient, the charges move along the 
direction of negative gradient. 

® Potential V is the work done on a unit positive charge of one coulomb to move it 
from infinity to the point where the potential V is measured. 


Vio =- f. £, dx 


@ In metals the outer or the valence electrons are very loosely attached and require 
extremely small electric force to move (pull) them out of the valence bond. These 
loose electrons contribute to electron gas. 

@ When the electrons move under the effect of electric field, they collide with the other 
electrons. This collision restricts the movement and the velocity attained is finite, 
depending upon yp, the mobility constant. 

® Electrons are more mobile than the holes (i.e., «7, > 4,). Therefore, currents caused 
by electron movement give fast switching actions. 

® Intrinsic semiconductor materials, such as Silicon and Germanium, have very small 
number of free charge carriers. By doping the intrinsic material, say, Silicon we can 
obtain p-type extrinsic Silicon (by doping with trivalent dopant such as Boron, 
Indium and Gallium), By using a pentavalent dopant (such as Phosphorus, Arsenic 
and Antimony) we obtain n-type extrinsic Silicon. 

® The extrinsic (doped) semiconductors can cause greater currents compared to the 
intrinsic (pure) semiconductors. 

@ <A hole has a charge of +g and mass of —m. If an electron and a hole combine, it 
results zero charge and zero mass. 


1.1 
1.2 
1.3 
L4 
1.5 
1.6 
1.7 


1.8 


Lg 
1.10 


P1.1 
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The mass action law: p.n = n? holds for the extrinsic semiconductor materials, In 
a p-material, p ~ N, and n= n/N, and in n-material, n = Np and p= nJiNp. 
n, is temperature dependent and increases with increase in temperature. 
Due to electric field, 
J, = qu,pe, and J, = qu,.né, 
and due to diffusion, 
dn 
dx 


Einstein relationship connects the mobility and diffusion constant, i.e., 
Hp En 


Barrier potential in a step-graded p-n junction is: 


d, 
J, =-qD, = and J, =qD, 


Define electric field intensity, potential energy and electron volt. 
What is meant by electron gas in a conductor? 

Define mobility, conductivity and diffusion constants. 

What is a hole? Why holes are less mobile compared to the electrons? 
How do intrinsic and extrinsic semiconductors differ? 

How do we obtain an n, n*, p, p* materials? 


A semiconductor material has donor and acceptor concentrations of Np, and N,, 
respectively. How do we determine the electron nm and hole p concentrations? 


As the temperature increases, does the resistance of a semiconductor increase or 
decrease? 


What is the difference between diffusion and drift current? 


A semiconductor extrinsic material has hole and electron concentrations of p and n, 
respectively, What is the total (a) diffusion current (b) drift current? 


For pure Germanium, the mobilities of free electrons and holes are respectively 0.38 
m/Vs and 0.18 m*/Vs. The corresponding values for pure Silicon are 0.13 m2/Vs and 
0.05 m*/Va. Find the values of intrinsic conductivity for both these materials. Assume 
n, = 2.5 x 10/m* for Germanium and nv; = 1.5 = 10'/m* for Silicon at room 
temperature. 
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P1.2 


P1.3 


P14 


PL 


P1.6 
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(Hint. (a) For Germanium 
o, = gn; (u, + 4) [From Eq. (1.28)] 
= (1.6 x 107%) (2.5 » 10") x (0.38 + 0.18) = 2.24 (Qmy Ans. 
(b) For Silicon 
o = (1.6 x 10°) (1.5 « 10") (0.13 + 0.05) = 0.43 (Qm)' Ans.) 


A 0.2 mm long bar of Silicon with cross-section 0.2 = 0.2 mm results in 8 mA 
current with 1 V impressed voltage across the bar. Assuming that the current is 
due to electrons, determine: (a) concentration of free electrons and (b) the drift 
velocity. Assume at 300 K, 4, = 1300 em*/Vs and g = 1.6 = 10"C. 


(Ans. (a) Electron concentration = 1.92 = 10°'/m3, (b) Drift velocity vg = 650 m/s) 
Find the intrinsic carrier concentration of Germanium, if its intrinsic resistivity at 
300 K is 0.47 Qm. It is given that the electronic charge is 1.6 =x 10” C and that 
electron and hole mobilities at 300 K are 0.39 and 0.19 m*/Vs. 

(Ans. nj = 2.3 x 10" /m*) 


In a Germanium sample, a donor type impurity is added to the extent of 1 atom per 
10° Germanium atoms. Show that the resistivity of the sample drops to 3.7 ficm. 
The given parameters are: 

H, = 3800 cm4/Vs; Mp = 1800 cm7/Vs; 

n, = 2.5 x 104/em3- Noe = 4.41 x 10**/em?; 

q = 1.602 x 10°" C. 
Find the resistivity of intrinsic Silicon. What will this change to, when the 
Silicon is doped with a pentavalent impurity atoms with 1 atom for 50 = 108 
Silicon atoms. The given data 1s: 
Number of Silicon atom = 4.96 = 10"/cm4, Electron charge = 1.6 x 10-!9 C; 
Intrinsic carrier concentration = 1.52 x 10'Ycm?*, Hole mobility = 0.048 m*/Vs; Electron 
mobility = 0.195 m/Vs. 


: eee 1 1 _ 
[Hint. Intrinsic resistivity pe Tenio* = 2.22 x 1 Ocm 
To find resistivity of doped Silicon, 

Np = ME = SEI - 9.99 x 2044cmt 


~ §0x108  §0%10° 
No. of free electrons in the semiconductor n = Np = 9.92 « 10'4/em® 
_m _ (1.6210? 

Np 9.9210" 
o= gnu, = (1.6 « 10-\(9.92 x 100.135 = 10%) = 0.21 (Gem)! 
at 
Peso 0.21 


Find the concentration of holes and electrons in a P-type Germanium at 300 K, if 
the conductivity is 100 per Oem. Also, find these values for N-type Silicon, if the 


= 2.33 = 10°/em? 


= 4.67 Oem Ans.) 


PL7 


P18 
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conductivity is 0.1 per Qem. Given that for Germanium, n,; = 2.5 x 10'/cem*, py, = 

3800 em*/Vs, Hy = 1800 em*/Vs, and for Silicon, n, = 1.5 x 10'em*; vw, = 1300 em*/ 

Vs and yw, = 500 cm*/Vs. 

(dng. p = 3.47 = 10%/em*® vn = 1.8 x 10%em? for p-type Germanium and 

p= 4.7 x 105%/cm* mn = 4.8 x 10“/cm? for N-type Silicon) 

(a) An intrinsic semiconductor (Silicon) has 5 x 10°° atoma/m' at 20°C room tem- 
perature. At this temperature, there are 1.5 x 10'° electron-hole pairs. Find the 
conductivity of Silicon (qo at 20°C. 

(b) If the above material is doped with Indium atoms at the rate of 1 atom per 10° 
Silicon atoms, find the conductivity of the doped material at room temperature. 

(c) If the conductivity increases at the rate of 5% per °C. Find the conductivity of 
Silicon at 34°C, The given data is: vw, = 0.0485 m/V4, w, = 0.135 m7/Vs, g = 1.602 
x 10-1 C. 


[Hint. (a) 7 = gnu, + wp) = 0.44 x 10% (Qmy' 


5x10" 
(bh) N,= 
4” 107 


_al _ (1.610) 

Ny (5 x10") 
= 4.5 x 10'/m? 

f= pi, = gNau, = 38 (Qmy' Anes. 

(c) a= 0.05°C. Here AT = 34 — 20 = 14°C 
and conductivity at 20°C = 0.44 x 10° (Om! 

gat 34°C = (0.44 x 10-1 + @AT) 
= (0.44 = 1071 + 0.05 = 14) = 0.75 x 107 (Qmp" Ans.] 

(a) For an intrinsic specimen of semiconductor material with n, = 1.48 x 10" electrons 

(holes\icm? at 300K, electron mobility w, = 1300 em*/Vs and the hole mobility 

it, = 500 em’/Vs, calculate the value of conductivity. 

If a Si specimen is doped with an appropriate n-type (donor) materia] to a 

small concentration of one part per million atoms, determine the resulting 

conductivity of the specimen in Part a. 

(c) The mobility is known to vary over a temperature range from 200K to 400K ag 
T** find the approximate mobilities of electrons and holes in Si at T = 400K. 
(Ane. (a) 2.95 x 10° Oem; (b) & (with doping) = 10.37 (Qemp’; (c) wu, = 2746 cm*/Vs 
and wi, = 1056 cm7/Vs). 


=5 x 10°/m! 


(b 


hall 


CHAPTER 


The p-n Junction Diode 


2.1 INTRODUCTION 


In this chapter, we shall learn about the physical properties of a p-n junction diode. The 
p-n junction diode is the basic building block on which the operation of all the semiconductor 
devices depends. The p-n junction itself is a two-element device. The word diode was coined 
from di + electrodes, i.¢., having two terminals. With the invention of valves, the first most 
useful electronic device was the diode and triode. Tetrode, pentode, etc. were invented 
afterwards. However, with the invention of transistars, p-n junction acting as a diode continues 
to be used extensively for various operations. 


We shall cover the operation modes (forward- and reverse-biased p-n junction), large 
signal and small signal models and switching times of p-n junction diodes in this chapter. 
The volt-ampere characteristics and the capacitance across the p-n junction is also covered. 
After discussing the main properties of p-n junctions, we shall consider their applications in 
Chapter 3. 


22 THE p-n JUNCTION 


A pen junction is formed when a single ervstal of semiconductor is doped with an acceptor 
on one side (to make this side p-type) and with a donor on the other side (to make this side 
n-type). Schematic details of a p-m junction are shown in Fig. 2.1. The doping atoms are 
shown in large circles, a hole by small circle (o} and an electron by a solid small circle (+). 
Note that each doping atom is neutral (and so are all the intrinsic atoms of Silicon or 
Germanium). A pentavalent (donor) dopant element is shown by large circle with +ve sign 
in it (ie., @) and an electron is shown along with it, thus © indicates +ve ion with a +ve 
charge equal to that of an electron. Similarly, an acceptor type doping element (a trivalent 
atom) if shown as a —ve ton © along with a hole (+). As the doping atom 15 neutral, 
therefore, the ion G has a -ve charge equal to that of an electron. As mentioned earlier the 


a4 
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donors are all pentavalent element such as Antimony (Sb), Arsenic (As) and Phosphorus (P); 
and the acceptors are all trivalent elements such as Boron (B), Indium (In) and Gallium 
(Ga). 


Pom Ny (majority) | par a, = Np (majority) 


nt (Transition n? bs ae 
nm, = 57 (minority) region) or — P.= Hy (minority) 
A Space charge region BD 


Fig. 2.1 Schematic details of a p-n junction diode, The approximate values of charge 
carrier concentrations (p and nm) are shown on the respective side. 


2.3 THE OPEN CIRCUITED p-n JUNCTION 


Consider the situation as shown in Fig. 2.1. It is clear that on the opposite sides of the 
junction the charge carriers have different concentrations. For example, the hole concentra- 
tion p, on the p-side (LHS of the junction in Fig. 2.1) is much greater than the hole 
concentration p, on the n-side (RHS of the junction in Fig. 2.1). Similarly, the values of n,, 
is much higher than n,, where n, and n, are the electron concentrations on n-side and 
p-side, respectively. We call this situation by saying that there is a concentration gradient 
across the p-n junction. 

The holes on p-side and the electrons on n-side tend to come close to the junction and 
even cross to the other side and holes and electrons combine in equal number. This implies 
that if an acceptor atom (6°) has lost its hole and it is reduced to a —ve charged ion (9), 
then an electron from a donor atom (@) combines with the hole (which carries the acceptor 
atom) and the donor atom gets converted to a +ve charged ion (@). It is clear that the 
number of —ve ions (9) produced on p-side is equal to the +ve ions (@) produced on v-side 
due to the diffusion/recombination process. The region around the p-n junction which has 
lost its free charge carriers (holes and the electrons) has only ions in that region. This region 
is called depletion region or transition region or space charge region. These names 
obviously indicate the status of the region as this region has lost its free charge carriers 
(hence depletion region), is a transition from p to nv side (hence transition region) and 
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contains +ve and —ve charged ions (hence space charge region). The width of the depletion 
region is only a few tenths of a micrometre. Also note that the p-nv junction lies inside the 
depletion region, ie., the depletion region appears around the p-n junction. Im case the 
concentration of holes p, on p-side is equal to the concentration of electrons n,, on the n-side, 
the p-n junction will lie in the middle of the depletion region, since the number of —ve ions 
formed on p-side must be equal to the +ve ions formed on n-side, With p, =n, the depletion 
width W,, on the p-side is equal to the depletion width W,, i.e., for p, =n, we have W, = W,. 
However, if, say, p, >> n,, then W, << W,, since only small width W, can cover as many 
-ve ions (6) as does the width W, covers +ve ions (®) in this case. This suggests us that 
the depletion widths (W, and W,) in p-side and n-side can always be made unequal by 
choosing the doping concentration N, and Np different. We shall learn in the chapter on 
Field Effect Transistors (FET) that it is desirable to make one width, say, W, much lower 
than the width W,,, and in this case the overall depletion width W= W, + W,, = W,. We only 
need to make N, much higher than Np for the junction. 


It is important to note that the formation of depletion region generates +ve charge on 
n-side of the junction and —ve charge on p-side of the junction due to the ions so formed. 
There is a stable state when further widening of depletion region stops. When the +ve 
charge on n-side is sufficient strong, it repels any additional holes from p-side to cross to the 
n-side. Similarly, the strong —ve charge in depletion region on p-side stops any additional 
electrons from v-side to croas the junction. 

Also, in open circuited p-n junction, no current flows across the junction or outside the 
p-n diode. Suppose, for the open circuited p-n junction diode, current could flow from p- to 
n-side across the junction due to law of diffusion. Due to the open circuit of the diode the 
holes flowing from p- to n-side, if any, would accumulate on n-side. This would make n-side 
having higher holes concentration than the p-side; causing electric field from n- to p-side, 
the law of drift will apply, and these “extra holes” on n-side will go back to p-side. In fact, 
the space charge in the depletion region forms an electric field across the junction which 
chops the shift of majority carriers across the junction. It is, therefore, concluded that there 
is an equilibrium condition, and a zero resultant current flows in an open circuited p-n 
junction diode. 


2.4 CHARGE DISTRIBUTION, ELECTROSTATIC POTENTIAL AND 
POTENTIAL BARRIER DUE TO DEPLETION REGION 


We now calculate the parameters lke charge distributions, electrostatic potential and the 
potential barrier created due to the depletion region. In the depletion region we have only 
ions (and not free charge carriers). Figure 2.2(a) shows an open circuited p-n junction and 
the depletion region. 

Since the region 0 < x < W, has +ve charged ions and the region -W, < x < 0 has —ve 
charged ions, the charge density distribution p, has typical curve shown in Fig. 2.2(b), The 
electric field intensity “(x) can be obtained from Poisson's equation: 


= ane (Poisson's Equation) (2.1) 
ax é 


A(x) =— a (due to Eq. (1.7)] (2. 2a) 
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Integrating Eq. (2.1la), we get 


&(x) is shown in Fig. 2.2(c). 

Clearly, the curve for *(2) is pro- 
portional to the integration of charge 
density p,(x). As maximum —ve 
charge is in the area from x = —- W, 
to x = 0, therefore, (x) is maximum 
—ve at x= 0. As we take area of the 
curve under 9,(x) after x = 0, the net 
area under p,(x) curve becomes less 
negative till at x = W, the total area 
of curve p,(x) for —W,, to W,, is zero. 
This is expected because the num- 
ber of -ve ions in x = —-W, tox = 0 
are equal to +ve ions in the range x 
=Qtox = W,. Hence (x) has zero 
value in the range away from the 
depletion region, i.e. no electric field 
exists in the region x < —W, and 
x > W,. It also implies that the po- 
tential at all the points for x < —W, 
part of the (undepleted) p-n diode is 
equal, ie., if we, say, apply a voltage 
¥, on p-side of the p-n diode, then 
the potential of every point in the 
undepleted portion on p-side of the 
p-n junction will be V,. Similarly, 
the potential of undepleted part (x 
> W,) of the p-n diode will be the 
same, 


The electrostatic potential 
V =~ [élx)de ie, the value of 


potential Vis negative of integration 
(i.e., area) under curve (x). The 
value of V is clearly zero at x =— W, 
and V has maximum value at x = 
W,, say, Vp, and for x > W,, V 
remains at V,. This has been shown 
in Fig. 2.2(d). It is this potential 
barrier which prevents further 
broadening of the depletion region 
for the open circuited p-n junction. 
Point x = W,, is at potential + V, and 
this potential does not allow any 


&(x) = fe pix) da (2.2b) 


(a) ° 


Fig. 2.2 (a) The p-n junction with depletion region 
from —W, to W, (b) The charge density », 
(c) Electric field intensity “(x) (d) Electrostatic 
potential V (¢) Potential energy barrier for 
electrons (-V). 
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additional holes from p-side to cross the p-n junction. Similarly, we may argue that the point 
x = —W,, is at potential -Vp w.r.t n-side. Hence this does not permit additional electrons from 
n-side to croas the p-n junction. So, there is an equilibrium state keeping the depletion 
region width constant. The potential energy barrier for electrons is negative of that for the 
holes. This is shown in Fig. 2.2(e). In practical p-n junctions, Vj has the value 0.2 V to 0.8 
V. The potential barrier voltage V, is also called the cut-in voltage. 


2.6 FORWARD AND REVERSE BIASING THE p-n JUNCTION 


We have earlier learnt that an open circuited p-n junction diode developes a depletion region 
(of total width W = W, + W, shown in Fig. 2.1) and that a barrier voltage of V, is developed 
[as shown in Fig. 2.2(d) and 2.2(e)]. Such a barrier voltage makes the depletion width W 
constant under equilibrium state. Now, we learn that the width W of the depletion region 
can be varied (increased or decreased or even made zero) by application of voltage externally 
across the p and nm electrodes. We shall call the metal contact on p-side end as anode and 
the metal contact on n-side end as the cathode as indicated by A and C, respectively, in 


Fig. 2.3. 


Fig. 2.3 (a) Forward-biased p-n junction (depletion region decreases) (b) Reverse- 
biased p-n junction (depletion region increases). A and C indicate anode 
and cathode contacts, respectively. 


2.5.1 Forward-Biasing the p-n Junction 


If we apply a voltage, say, V, with +ve on anode side and —ve on cathode side [see Fig. 2.3(a)], 
this is called forward biasing the p-n juncton diode. This makes the net barrier voltage 
across the junction as Vj — Vy. Assume that V, is less than V, then the net barrier reduces 
from V, to Vp — Vy and does not become zero. The +ve Vy voltage on anode of the p-n diode 
repels the holes of the undepleted region of the p-side towards the junction. This in turn 
neutralizes some of the —ve tons (@) of the acceptor atoms and makes them again neutral. 
Thus, net -ve charge in the erstwhile depleted region from x = — W, to x = 0 (see Fig. 2.1) 
is reduced, Le., net —ve ions (&) in this region are reduced, ie., the width — W,, to 0 
decreases. Similarly, application of V, voltage with —ve on cathode side decreases the depletion 
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region from erstwhile x = 0 to x = W,, to a value lower than W,. The overall effect of forward 
biasing of the p-n junction diode, therefore, decreases the depletion width from W(= W, + W,,) 
to a lower value than W, and the revised potential barrier due to the decreased depletion 
width is now V, — Vy. We also note that if V, = V;. the net barrier voltage reduces to zero 
and the depletion region reduces to zero width. In other words, for V4 2 Vo, the barrier to 
the flow of charge carriers (holes and the electrons) completely vanishes, and in fact for V, 
> V, there is a “helping” (antibarrier) voltage equalling V, — Vp which will cause a diode 
current. Thus, when Vy exceeds Vp, it causes a forward current (flowing from Anode to 
Cathode) in the diode. 


2.5.2 Reverse-Biasing the p-n Junction 


The effect of reverse-biasing the junction is opposite to that of the forward biasing. Let us 
apply voltage Vp with -ve polarity on the anode and +ve polarity on the cathode side of the 
p-n junction diode [see Fig. 2.3(b)] such a polarity of Vp makes the holes of p-side and 
electrons of n-side all the more difficult to go towards the junction or to cross it. In fact the 
—ve voltage applied on anode side attracts some holes from the p-side and creates more —ve 
jons (@) thereby. Similarly, the +ve voltage applied on cathode side attracts some more 
electrons and creates additional +ve ions (@). Such action widens the depletion region, The 
resultant barrier potential is now V, + Vp. 


It may be, however, noted that the reverse biasing voltage Vp helps the minority carriers 
to go towards the junction. In Fig. 2.1, the minority carrier concentration has been indicated 
by n, on p-side (where the electrons are in minority) and p, on n-side (where the holes are 
in minority). Clearly, a +ve voltage on cathode repels the minority carrier holes p, on n-side 
to proceed towards the junction, and these are further helped by the negative ions on the 
other side of the junction te continue flowing. In short, the reverse voltage (+ve on cathode) 
causes holes to move from RHS to LHS in Fig. 2.1. Similarly, the reverse voltage on anode 
(i.e., ve voltage) causes the minority electrons n, on p-side to travel towards the junction, 
and are assisted by the +ve ions (©) on the other side of the junction. The net result of above 
mentioned movement of minority carriers under the influence of reverse biasing is flow of 
reverse current, i.e., a current from n-side to p-side inside the p-n diode. This current is due 
to movement of minority carriers, and is called reverse saturation current and is denoted 
by the symbols Je. As the minority carriers are very small in number (compared to the 
majority carriers p, and n,,), the reverse saturation current cannot exceed beyond a limit Js. 
The current Ig is calculated assuming that all the available minority charge carriers (p,, and 
n,) are generating this current. We shall deal with the current J; in Section 2.6 when we 
discuss the volt-ampere characteristics of a p-n junction diode. Also, we shall discuss the 
effect of applying high reverse biasing voltage when we discuss Zener breakdown or the 
Avalanche effect. 


2.5.46 Contact Points for Anode and Cathode (Ohmic Contacts) 


In order to make necessary connections on anode and cathode sides of the p-n junction diode 
metal contacts are provided as shown in Fig. 2.3. These contacts are assumed to be non- 
rectifying and are called chmic contacts, i.c., the potential difference across these metal 
contacts and semiconductor material (p or mn) is constant and has very emall value. We also 
neglect the voltage drop across the bulk of the semiconductor crystal, i.e, we assume that 
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the electric field is zero in the undepleted regions of p and n parts of the semiconductor. The 
change in the potential barrier due to applied voltage Vp effectively occurs across the p-n 
junction. Hence we can assume that the application of +Vp or -Vp (reference point being the 
cathode of the diode) makes the revised barrier voltage Vj — Vp or Vy + Vp, respectively. 


2.5.4 Short Circuiting the p-n Junction 


In Fig. 2.4, there are no free charges between the space A’-A” and C’-C" i.e., there is no 
potential difference between A‘ and A” and also between C’ and C". Therefore, we can say 
that the barrier voltage V, effectively appears across points A” and C* as shown in Fig. 2.4. 
One may feel that short circuiting the anode (point A) and the cathode (point C) might cause 
current J,. in the shorted link, due to Vp. However, due to ohmic contacts (metal contacts) 
at anode and cathode the voltage developed across AA’ as well as across C’C would be V)/ 
2 due to the current [,.. The voltage drop across metal ohmic contacts will heat these 
contacts. Since the p-n device has not been supplied by any external power source (V, being 
zero here), the heat must come from within the device and thereby cooling the device. Thus, 
heating and cooling of the device has to occur at the same time. This is a contradiction. 
Hence, there is neither heating nor cooling due to short circuiting A and C, ie., the short 
circuiting current J,. must be zero. 


Short circuit (V,, = 0) 


Fig. 2.4 Voltage distribution when anode and cathode terminals of the p-n junction 
diode are short circuited. Assuming the barrier voltage as a “battery” 
of voltage V), the short circuit /,. should flow as shown. 


We cannot measure the voltage V) across the p-n diode, by putting a voltmeter across 
points A and C in Fig. 2.4 when there is no short circuit. It is so because any measurement 
by a voltage essentially requires an extremely small current through the measuring voltmeter. 
Passage of any current through the p-n junction diode is not feasible as discussed earlier. 
Hence the voltmeter reads zero volt, i.c., we cannot measure the barrier voltage V, by any 
voltmeter. 
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i EXAMPLE 2.1 


Assuming that the diodes in the circuits are ideal, utilize Thevenin's theorem to simplify the 
circuits shown in Fig. 2.5, and thus find the values of the labelled currents and voltages. 


Assume that an ideal diode behaves as a short-circuit when forward biased and open-circuit 
when reverse biased. 


+15 ¥ 


#15¥V *10V 
10 ki 10 bo 
1K 10 kil 


Fig. 2.5 Circuits for Ex. 2.1. 
Solution: 
(A) Applying Thevenin’s theorem at XX, in Fig. 2.5(a), 


=10¥V 
2m, = 10k || 20 kf 


_10x20 200 20 
“10+20" 30° 3 
Clearly, from the Thevenin's equivalent 


diagram, in Fig. 2.5(c), 


r= = = - _ 2 muck Thevenin's equivalent 
[FP +20 Fig. 2.5(c) Equivalent circuit 
from 2.5(a). 
15 
ea Vo=20x 2 == 7.5V Aus. 


(B) For the circuit, shown in Fig. 2.5(b) and applying Thevenin's theorem at XX and YY* 
we get 
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Zr, = 10])10 = 5 kQ 
Vie = 5 V, Zp = 5 kD 


From the Thevenin's equivalent diagram, showing 
Fig. 2.5(d) Dis clearly Off since anode side ig at a lower 
potential than the cathode side 


F=0 


Thus, YHa-7.5=-25 VY Ans. 
Thevenin’s equivalent 

Fig. 2.5(d) Equivalent cireuit 
from 2. 5(b). 


2.6 THE VOLT-AMPERE CHARACTERISTIC OF A p-n DIODE 


As indicated in the previous section, we cannot measure the value of barrier voltage Vp. 
However, the values of voltage Vp across the junction diode and the diode current Ip can be 
easily measured. In Fig. 2.3(a), consider the situation when Vp (i.e., forward bias) is increased 
till Vp is nearly equal to Vp (or V). The barrier now will be Vy — Vp and approaches zero 
i.e. the barrier almost disappears and the current should be arbitrarily large. However, in 
practice the barrier can never be reduced to zero because the bulk resistance of the crystal 
as well as the resistance of the ohmic contacts limit the current even if Vp exceeds Vp. Under 
the conditions (as Vp, becomes comparable to V,), the current in a practical p-n junction is 
governed by the ohmic contacts and the semiconductor bulk resistances. 


Fig. 2.6 (a) Junction diode symbol and the customary direction of current in the diode J, and 
the net voltage across the junction Vp (b) Vp — Jp characteristic of a junction diode and 
(ce) The volt-ampere characteristic redrawn to clarify the magnitude of current Jp and 
the reverse breakdown voltage Vy. 


The volt-ampere characteristic of a diode relates the voltage Vp applied to the junction 
and the current Jp it produces. Theoretically, the current Jp in a diode is given by 
Ip =I (e%2'™? -1) (2.3a) 
where J, = Reverse saturation current in Ampere 
Vp = Junction voltage in volt 
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y = Constant with values 2 for Silicon and 1 for Germanium diodes 
Vp = Voltage equivalent of temperature at T and is given by 


V;= kT (2.3b) 
q 


where k& = Boltzmann constant = 3.620 x 10° eV/K 
k = Boltzmann constant = 1.881 x 10-** J/K 
q = Charge of an electron = 1.6 x 10°? C 
Putting the values of k and g in Eq. (2.3b), we get 
= (1.381 = 10-4) x 71.6 x 10-) 
_-. _f 
11,585 11,600 

For temperature of 20°C, (1. T= 293 K), V-= 25 mV 

For temperature of 27°C, (2. T= 300 K), Vr = 25.8 mV 
When temperature T is not specified, we assume Vy; = 25 mV in numericals. 

The diode current Jp is +ve from p-type to n-type within the semiconductor [see Fig. 2.6(a)]. 
The reverse saturation current J; depends on the hole concentration p, in n-type and elec- 
tron concentration n, in p-type, as has also been explained in the last section (reverse 
biasing of the p-n junction). Note that p, =niN py and A, = 2N 4 . [see Fig. (2.1)]. We can, 


therefore, say that the reverse saturation current J, depends on the hole and electron 
concentrations (N, and Np). Ig serves as a “scale factor” for the junction current Jp. The 
capacity of junction current J, also increases with increase in the junction area for fixed 
values of Ny and Np. 


From Eq. (2.3), if Vp >> Vp then e’o'®r 551 and we can neglect 1 w.r.t. er, and 
Eq. (2.1) reduces to 


In=Ige’"!*? = for Vy >>Ve (2.4) 
At T= 25 mV, 

Ip=Ige*”® _ for Silicon (2.4a) 

Ine! ene for Germanium (2.4b) 


Equation (2.4) shows that the current Jp varies exponentially with the applied voltage 
Vp. a8 shown in Fig. 2.6(b). [t is so since the increase of Vp implies decrease in the potential 
barrier, and more majority carriers diffuse across the junction. 


Note that when Vp is sufficiently negative such that ee! has value much leas than 
unity then 


Ip = Is (0 - 1) 
Ip=-TJs for reverse bias and |Vp| >> Vr (2.5) 
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The reverse bias current [p is —ve and equals J/g, i.e., now Ip flows from n-type to p-type 
in the device and is a constant. As the value of Jp in reverse bias is very small in the range 
of micro amps for Silicon diodes and nano amps for Germanium diodes, it has been shown 
on an expanded scale in Fig. 2.6(c). The current J, remains constant at = I, till the reverse 
voltage Vp, reaches -Vz. Here the junction breakdown occurs, and V; is called the zener 
breakdown or Avalanche breakdown voltage. 


EXAMPLE 2.2 


Determine the change in diode voltage Wp, corresponding to 15:1 change in diode current Ip 
for a junction diode operating at room temperature. 


Solution: We know that 
Ip =Igte"®’™? -1)= Ig e%0!™ 


Ip, =Igte"™!**) 


and Ip, = Igle"a*!*F) 
ie. Ipe = ¢! Ve ~ Vor Wr 
EI Im 
Or AVp =Viq ~Vpn = Wy In 222 
Pi 


Put = 1, Vr = 25 mV, Insp, = 15, we get 
AVp = 1% 25«in15=67.. mV (for Ge) Ans. 
For 9 = 2, 
AVp = 2% 67.7 = 195.4 mV (for 5i) Ame, 


i EXAMPLE 2.3 
(a) For what voltage will the reverse current in a p-n junction Germanium diode reach 
90% of its saturation value at room temperature of 27°C. 
(b) What is the ratio of the current for a forward bias of 0.05 V to the current for the 
same magnitude reverse bias? 
(c) If the reverse saturation current is 10 pA, calculate the forward current for voltages 
of 0.1, 0.2 and 0.3 V, respectively. 


Solution: 
(a) Here 7 = 1 Pa Wy = Vr 
At T = 27°, Vp = 26 mV. 
Now, T= Isler —1) = Ig(e¥™ —1) (i) 


and I = -0.9%, (Given), (J -ve sign means reverse current) (ii) 
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Equating Eqs. (i) and (ii), we get 


= O.8lg = Ife — 1) 
0.1 = @ 0.026 


or 
or V = -59.85 mV 
(b) Forward current at V = 0.05 V = Ig(e/" _1) 
Reverse current at VY =— 0.05 V = Ia(e Seo =-1) . 
I (e005! 0.026 =1) 
Then ratio of forward to reverse current = 7. (¢tBIOa 
7 za 
ei0/28 4 
=r 7 
6.8419 -1 
= ————_ = - 6.84 : 
0.14616 -1 — 
(c) Ig = 10 wA (given) 
Now, for Y, =0.1 V = 100 m¥ 
Ty = 10 et™!™ — 1) 
= 10(46.8126 — 1) = 458 pA Ans. 
For V2 = 0.2 V = 200 mV 


Ing =10e™™ —1) 
= 10(2191.42 - 1) = 21.9 mA Ans. 
and Va = 0.3 V = 300 mV 
Ing =10Ke*™'™ — 1) 
= 10(102586.49 — 1) = 2.025 A Ams, 


EXAMPLE 2.4 
In a Ge-diode, the leakage current is 10 wA and the breakdown voltage is 25 V. Compute 


current for 

(a) Reverse bias of 24 V 

(b) Reverse bias of 0.02 V 

(c) Forward bias of 0.3 V 
Solution: Given J; = 10 wA (reverse saturation current or the leakage current) 

9 = 1 Germanium diode case 

Assume Vp = 25 mV at room temperature. 

(c) Forward bias 


Ip =Ig(e"2!™r —1) 
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For Vp = 0.3 V = 300 mV, y=1, 
Tp =10 «10% (ce? -1) A 


=10%(e" —1) 
= 1.6275 A Ans. 
Reverse bias 
(a) If Vp = - 24 V, 
then Ip =Igle"®™* -1) (= 1 here) 
= (10 x 10-%)(e""5 _ 1) =- 10 wA Ans, 
(b) If Vp = -0.02 V, 
then Ip = (10 x 10°) (e295 —- 1) 
= 20 mV 


= (10 x 10-)(e™4 — 1) 
= (10)(0.449328 — 1) 
=- 5.5067 pA Ans, 


a EXAMPLE 2.5 


Calculate the change in diode voltage V, if the diode current J, assumes the new value of 
10 times the previous value. Take operating temperature T' = 300 K. 


Solution: As — Ip =Ige"2'™? for Vp >> Vr 

Let Im =Ige""'™? (Initial value of diode current) 

and Ing =Ige""2'™? [Epp is 10 times the initial diode current i.e., Ipa/Ip, = 10] 
Joa «(Vox - Vou Me @ 
Im 


Taking log on both sides of Eq. (i), we obtain (using log, 10 = 2.303) 


logy 12% = Vp2=Voy) _ (Vpn = Von) 
"Im 2303 nV, 2.303 nV, 


I 
or Va ~ Vp = 2.308 Vp logyy 572 
D1 


300 
= VY = 
At T=9300 K, Vr 11.600 


Voltage change = Ving — Vm = 2.303 nV r logy, 10 
= 2.3903 .7.(26 mV) = 1= 60 7 mV 


=26mV and 722-10 (Given) 
raat 
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For 7=2, Vie — Vm = 60 x 2 = 120 mV (for Silicon) 
For 7=1, Vp — Vp, = 60x 1 = 60 mV (for Germanium) Ans. 


B EXAMPLE 2.6 


For the circuit shown in Fig. 2.7, both the diodes are identical conducting 10 mA at 0.7 V 
and 100 mA at 0.8 V. Find the value of R for which V = 50 mV. 


Fig. 2.7 Circuit for Ex. 2.6. 


Solution: We first find the value of qVy from the given data. The given data is: 
10 = Jge%O! Wr mx Figo?! ¥e i 


100 = Ige%22!*F = Joe98! tr (ii) 


Dividing Eq. (ii) by Eq. (i), we get 
—— 
10 


o(O8-OTM aM, 


10 = ¢f lms 
Taking log on both sides, we get 


= 0,0434782 


Vie = Vm + 0.05 or Vos = Vo; = 0.05 V 


Now, I, =Tge"o!™ 10-1, = Ige¥00!'™r (iii) 
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Also, Tate" os Fy eT ge ns (iv) 
or Dividing Eq. (iii) by Eq. (iv), we get 
10-1, = g'¥oe ~ Far 
I 
a gp 06/0.0434782 = 9.158198 


or <> = 3.158198 +1 = 4.158198 


1 
10 


I, =———— = 2.40488 mA 
1” 4.158198 


or 


oY 20.79 «21 
9.40488 mA Ans. 


|| EXAMPLE 2.7 


Determine the current Jp and the diode voltage Vp for the circuit shown in Fig. 2.8 with Vpn 
= 6 V and A = 1 kf). Assume that the diode has a current of 1 mA at a voltage of 0.7 V, 
and that its voltage drop changes by 0.1 V for every decade change in current. 


Solution: We know that 
For forward biased case, 


In = Ige"e'™t 
or Ip =Ige""® 
1 
where k =— 
Vr 


Let In =Ip, for Vp =Vn, and Ip = Ip, for Vp =¥n.- 


Ip, =Tge""™ (i) 
and Ip, = Ise" (ii) 
tp, = Yor - Ym! 
Ip, Fig. 2.8 The given circuit 


for Ex. 2.7. 
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Taking log on both sides, we have 


f 
logig Tp =R(V ng —Vp,)- logig € 


2.3 I I o 
Be Vo = Voy = (=) log t= 2.0 Wy log = (1) 
k Tp, i 
For the given conditions, 
I 
Vie - Vm = 0.1 and =a ge 
i. 
Substituting the given values in Eq. (iii), we get 


10 
0.1 =(2.3 AV yr ) logy LT 


ee | 
V. =— = — 
T= 93 93 
Hence Ip =Ige"2'™': V, -V;, = 0.1 logia 32 (iv) 
1 
First iteration 
Van, —¥ 
jee 
R 
Assume Vp = 0.7 V. 
5-0.7 - 
“ In =4.3«10™ A 
P1000 
Putting Ing = 4.3, Ip, = 1.0, Vm, = 0.7 im Eg. (iv), we get 
4.3 
Vo - 0.7 =0.11 — 
"Da OF ip LO 
or Vio = 0.7 + 0.1 x 0.6334 = 0.76334 V 


Thus, the results of the first iteration are J, = 4.8 mA and 
Vine = 0.7633 V. Ans, 


Second iteration 
5 = 0.7633 
Ip = —————_ = 4.2367 mA 
oa 1000 
Putting Ips = 4.2367, Ip, = 1.0, Vp, = 0.7 in Eg. (iv), we get 
4.2567 
or Vio = 0.7 + 0.1 * 0.627 = 0.7627 V 


(not much different from lst iteration) 
Thus, Vp = 0.762 V and [,) = 4.2367 mA Ans. 
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2.7 TEMPERATURE DEPENDENCE OF THE V-I CHARACTERISTICS 


From the diode equation given by 


Tp = Ig(e"0/™ —1) (2.6) 
the parameters J; and Vy; are heavily temperature dependent. Vy is given by 


T 
Vr =i g00 (2.7a) 
Equation (2.7) shows that Vy varies linearly with temperature T in kelvin. 
Ig is analytically given by 
Ig = KT? ¢ *0'"r (2.7b) 


where K is a constant and Epp is the energy gap at 0°K 

Theoretically, J; varies about 8% per °C change. Practical diodes slightly deviate from 
8% figure since the reverse saturation current (ie., J/g) has also a component due to surface 
leakage. Practical diodes show a change of Ig by about 7% per °C change. Thus, for 10°C 
increase of temperature, 7, increases to J, such that 


Ig, =1g (1.07)" = 25, (2.8) 


Hence, the reverse saturation current doubles for every 10°C rise in temperature or for 
every 10° kelvin temperature rise. 


From the given diode reverse saturation current Ig at temperature T, kelvin we can 


compute the revised reverse saturation current Ig, at temperature 7, kelvin, remembering 
that every 10°C rise (or 10° kelvin rise) doubles the reverse saturation current. 


where Ig = Reverse saturation current at temperature T, 


Is, = Reverse saturation current at temperature T, 


Besides Jz and Vy, there is one more parameter viz. the diode voltage Wp which has to 
be changed to maintain constant J, when temperature T changes. 


Ip aL 


0 vm Yn Ve 
Fig. 2.9a V-/ curves of a diode at temperature T, and T, (T, > T;). 
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If we wish to have no change in the diode 
current inspite of temperature increase, we 
must decrease the diode voltage from Vp, to 
a lower value Vp as can be seen from 
Fig. 2.9a, b.. This is often desirable so that 
the diode continues passing a safe current 
inspite of temperature rise. 

Theoretically, 


d 
aa =-2.2mVPC for Jp constant 
(2.10) 


Thus, with temperature increase, we 
require a lower value of voltage Vp to keep 
diode current constant. If a diode is already 
passing &4 maximum safe current, and the 
temperature goes up, we must decrease the 
diode voltage Vp so that the diode current 
does not exceed its safe value. 


2.8 THE DIODE AS A CIRCUIT ELEMENT 


T 
(kelvin) 
A typieal graph showing the 
variation of diode voltage Vp 
with temperature T. 


An ideal diode is a two-terminal device. The symbol of an ideal diode is shown in Fig. 2.10(a) 
and volt-ampere characteristics is illustrated in Fig. 2.10(b). 


{a} 


For Vo =0, 


current 


zero here 


Ip 


tb) 


Fig. 2.10 (a) Circuit symbol for an ideal diode with forward current Ip 
(b) Volt-Ampere characteristic of an idea! diode. 


Thus, an ideal diotie is a unilateral circuit element. This unilateral behaviour is impor- 


tant in switching operations. Note that for the ideal diode, 
(ON) 


(i) When Vp is zero, [, can have any +ve value. 
(ii) When Jp is zero, Vp can have any —ve value. 


(OFF) 


In practice, the real diodes have a small non-zero, reverse current and also a voltage 
drop exists for forward bias (Le., Vp # 0). The Vp — Jp curve is, in practice,-nonlinear (and 
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not a straight line) for non-ideal diodes, as shown in Fig. 2.10(b). However, if we consider 
a small portion of the Vp — Jp characteristic, this may be almost linear. We shall use this 
concept and it will be clear in subsequent section on small signal model of the diode. 


2.9 THE LOAD-LINE CONCEPT 


Consider a diode D fed from a DC voltage source V,, in series with resistance R, as shown 
in Fig. 2.11(a). 


V-I characteristic 
af Diode D: I, = (Vp) 


Vina a Light 
Rg 
Ing —¥p. 
Vp i 
cider pha Ov,  Voe Vaa Vp 
(a) tb) 


Fig. 2.11 (a) Diode circuit driven by an external voltage source Vy, im series with 
resistance A. (b) Diode characteristic and load line for the circuit of (a). 


Applying Kirchhoffs voltage law (KVL) to the circuit depicted in Fig. 2.11(a), we get 


Vaa = IpR + Vp (2.11) 
1 Vea Va -V, 
or Sa “i hal mle ee (2.12) 


Equation (2.12) is a straight line called the load line. Slope of this load line is obtained 
by comparing Eq. (2.12) with the general equation of a straight line with slope m 


yumer+e 
Here “x" is Vp and “y” is Ip. 
1 
Therefore, m= 2 
ié@., slope of the load line is -L/R 
When Ip = 0, Vo = Vaa (2.128) 
When Vp = 0, Ip = VaalR . (2.12b) 


The load line joins the points (V,,4, 0) and (0, V4,/R) as shown in Fig. (2.11b). The point 
of intersection of load line with the diode V-/ characteristic is called @ point. Point @ is also 
called the quiescent point or the operating point. Such a concept of obtaining the operating 
point holds good for any device, and not necessary for the diodes. 


* ‘p R,<R,<Ry<R 
R | 

VJR VilRy I vu er 
VJR : 


VJR 
VJR 


Fig. 2.12 Shifts in operating point for the cases when: (a) V4, varies from V, to V, 
(keeping A constant) (b) FR varies from A, to R, (keeping Va,4 constant). 


The load line passes through the points (V,,, 0), (0, V4/R), and these points are inde- 
pendent of the device characteristics. If we vary Vy, from V), to V2, V3, V, keeping R 
constant, we get a set of load lines shown in Fig. 2.12(a). If we change FR from R,, to Rs, Ry, 
R, keeping V,, constant, we obtain load lines shown in Fig. 2.12(b). 

Note that for emall changes in Vp, say, from V, to V2, the @-point changes from @, to 
@>. The device characteristic between Q, and Q, may be assumed approximately a straight 
line. However, for large changes in Vp, say, from Vj to V,, the diode characteristic between 
@, and @, ia nonlinear. We shall, while dealing with small signals (vg) acrosa the diode, 
assume that the operating point moves along a small part of the V-J characteristic assumed 
to be almost straight. This will ensure that the slope of the small part of V-J characteristic 
where the point @ moves (due to variation of small signal vz) is constant. Note that slope 
of V-J characteristic at any point is l/resistance. 

We shall now learn about large signal (or DC) model and the small signal (or AC) model 
of the diode. 


2.10 LARGE SIGNAL DIODE MODELS (DC MODELS) 


We have two cases of large signals applied across the diode, viz. the forward-biased diodes 
and the reverse-biased diodes. 


2.10.1 Forward-Biased Diode (ON State) 


Figure 2.13(a) is the actual circuit such that Vp is greater than V, (We have used V, here 
instead of the voltage barrier Vo described earlier, However, the notation Vy; and V, carry 
the same meaning). If Vp is greater than V, (the cut-in voltage) then the diode is said to be 
forward biased. The diode V-J characteristic shows that the current Jp is very very small for 
Vp < V, We assume this current as zero [see OA in Fig. 2.13(b)|. As Vp exceeds V,, the 


practical diode gives current Ige“?/™", i.e., an exponential curve, shown in Fig. 2.13(b), For 


large signal, forward-biased diode we approximate the exponential curve beyond V, by a 
straight line (see AB) as shown in Fig. 2.13(b). 
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Ip In 
A Ip A 
+ : i + 
Piecewise 
linear model R, 
1 
Vp Diode D (stone =k => —~ 


Cc 
QO jA Vp 
Vy 
Cut-in voltage 
(a) (b) ie} 


Fig. 2.13 (a) The actual and the piece-wise linear characteristic for forward-bias (b) Diode 
model for forward bias and (c) The actual circuit for forward-biased diode D. 


The equivalent circuit which results by replacing the actual exponential V-I characteristic 
of the diode by a piece-wise linear model (comprising OA for [p = 0 upto V, and a slant 
straight line AB when Vp exceeds V,, is shown in Fig. 2.13(c). The forward resistance HR, is 
the Islope of slant straight line AB in Fig. 2.13(b). It is also assumed that Vp exceeds V, 
and hence the current [p flows in the forward direction. For Silicon diodes V,is approximately 
0.6 V and for Germanium diodes it is approximately 0.2 V. The forward resistance R, varies 
in the range from 5 to 50 ohms (i.e., it is quite low). The above mentioned model is also 
called the DC Model. 


2.10.2 Reverse-Biased Diode (OFF State) 


For the reverse-biased diode shown in Fig. (2.14), and its actual V-J characteristic shown 
in Fig. 2.14(b), the diode current is very small and almost constant at Iz. The piece-wise 
linear characteristic for the reverse-biased diode is shown in Fig. 2.14(b) by OF, representing 


Ip=Iy Ip= ts 
4 i A A qa 
AG " 
(Reverse Vv 
biased) op Rye Is R, 
- 
A 
a B c 
Piece- wise linear — 
(Slope =7) resistance 
(a) (b) (c) (d) 


Fig. 2.14 (a) Circuit for reverse-biased diode D (Note the direction of the diode current J), 
(b) Actual and piece-wise linear characteristic for the reverse-biased diode, (c) Diode 
model, as a circuit element, based on piece-wise lincar representation of the charac- 
teristic, (d) A more accurate model to include surface leakage. 
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a slant line: passing through the origin, with slope very close to zero but not actually zero. 
Such a piece-wise lmear characteristic facilitates us to equate the operation of the diode to 
a very very high reverse resistance F,, (HR, tends to infinity), as shown in Fig. 2.14(c). A more 
accurate circuit model, for accurate designs is exhibited in Fig. 2.14(d). This model takes into 
account the increase in the reverse current with the increase of reverse voltage. Such an 
increase is due to surface leakage. A, ia generally several hundred kilo ohms or more, and 
we often assume it as infinity for calculation purposes. 


@ EXAMPLE 2.8 


For the circuit shown in Fig. 2.15, find owt the output voltage up for the cases 

(a) V, = Ve = 5 V, (b) V) =5 V, VY = 0 V, (79V,=We=0V 

For the Silicon diodes D, and Ds, used in the circuit assume V,= 0.6 V, R, = 0, 
R, —@ = and reverse saturation current J; = 0 for reverse-bias diodes. 


+6.0V 


Fig 2.15 The circuit for Ex. 2.8. 


Solution: Figure 2.16(a) is the circuit 
redrawn with voltages V, and V, shown 
with reference to earth. 
(a) If V, = V. = 5 V, the diodes D, 
and D, are both OFF since for 
a diode to conduct the anode 
potential must be higher than 
the cathode potential at least 
by V, (here 0.6 V). As Dy, Dy 
are non-conducting these are re- 
placed by open circuits (since R, 
= o, given) as shown in 
Fig. 2.16(b). As no loop is com- 
plete, no current flow, therefore, Fig. 2.16(a) Given cirewit redrawn with a 
V, = 6.0 V. reference to earth. 


300 
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(b) 


(c) 


V, = 5 V, V, = 0 V, and the cir- 
cuit reduces to Fig. 2.16(c), D, is 
OFF here as potential difference 
between the anode and cathode 
of D, (i.e., Vp) is less than 0.6 V. 
D, should be ON here and its 
equivalence is 0.6 V in series with 
Ry (Ry being zero here). 
(5 - 0.6) 
(4.7 x 10° +300) 


-3 
- 24*%10" _ ons mA 


5 
and V, = 5 -—Ipg x 4.7 


Now, Ine = 


= 5 - 0.88 x 107 = 4.7 x 1 = 0.864 V 


300-0 _ Mp, 4 


Fig. 2.16(b) Figure 2.16(a) redrawn for D, 


and D, OFF (R, — =). 


Note that Vp, = V,-5 V = 0864-65 =- 4.136 V 


So Dy is indeed OFF. 


Fig. 2.16(c) The equivalent circuit for V, = + 6 V, Vy = 0. 


vy = vq = 0 V, and the cir- 
cuit reduces to Fig. 
2.16(d). 

Here, both the diodes are 
forward biased, 
therefore, both D, and 
Ds are ON. In, = Ine a If, 
say, (due to symmetry). 
By applying KVL for the 
diode Ds, 
§-2)«é4.7-0.6-F™ 03 
= 0. 


Fig. 2.16(d) The equivalent cirenit for Vi = Vo = (0. 
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44 
I= — = 0.454 mA 
9.7 
and = 5 — (2/(4.7) 
= § — (2 x 0.454)4.7) = 0.736 V 
To summarize V; Va Output V, 
5 ¥ 5 V 5 ¥ 
5V ov 0.864 V 
ov 5 Vv 0.864 V 
ov OV 0.736 ¥ 


If we assign logic eymbol ‘1' to voltage > 3.5 V and ‘0’ to voltage < 3.5 V. This is a typical 
AND gate operation. 


EXAMPLE 2.9 


Determine the output voltage V, and the diode currents Jp), Jpg, shown in Fig. 2.17, for 
(i) V;=0 (ii) Vy) = 4 V. Assume V,= 0.7 V. 


Solution: Let V; = 0. Assume that D, is 
OFF. If V4 turns out to be +ve then we are 
right and D, would be indeed OFF. 


If D, is OFF then 
+6-V,-(-65V) 
A+R, 
6-0.74+65 
§+10 

nl V,=5-062«5=19V 
and = Vy = V,-O.7=19-07212V ; 

D, is indeed OFF for V, = 0 volt and we Fig. G17 Cinoait he Be. 2.0, 
were right. 

(ii) V; = 4 V. It appears that here both D, and D, are ON. If Ip, and Ip. are +ve we are 
right. If D, and D, are both ON then for V; = 4 V, V, = 4-0.7 = 3.3 V, and Vp = Vy + 0.7 
= 3.38 + 0.7 = 4.0 V. When D, and D, are ON the values of V4 and V, are shown in 
Fig. 2.17.. 


Ip, =Ipg =I pg = 


= (0.62 mA 


Im = Ip = "2 =5—* = 0.2mA 
3.3 —(— 5) 
10 

Im = Ips — Ip, = 0.835 — 0.2 = 0.63 mA 
As both J, and Ip, are +ve, hence D, and D, are both ON and V, = 4 V. 


Iza = = 0.835 mA 
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2.11 SMALL SIGNAL DIODE MODEL (AC MODEL) 


If we use large signals, we obtain ON/OFF behaviour of the diode depending on the condition 
that such large signals clearly exceed V,or are less than V, (the cut-in voltage). In such 
ON/OFF operation of the diode, the “large signals” are usually constant voltages or DC 
voltages. That is the reason we often call the ON/OFF models as the DC models. We now 
consider the case when a diode is already ON, due to application of a DC signal (a large 
signal as a DC voltage), and then we superimpose on this DC signal a small AC signal g(t). 

Figure 2.18(a) shows a circuit where the DC voltage is V4, which is much higher than 
the diode’s cut-in voltage V,. Suppose v,(t) = 0 in Fig. 2.18{a), then the circuit will be similar 
‘to the one given in Fig. 2.11(a), where we discussed the load line. If v(t) is not zero then 
we have the net voltage v(f) given by 


We) = Va, + u(t) = Vay + Vi, fin oot (2.13) 


v(t) = V,, ain of, V < Vy 


(a) 
Fig. 2.18 (a) A diode D connected to DC voltage V,, in series with an AC voltage v,(t) 
and a load resistance R,, (b) Load line variations due to vit) being Va, + v,{t), 

assuming v,i¢) = V,, sin at and V,, < Viaq. 


The extreme values of v(t) are V4, + V,, and Va, — V,,- The load line corresponding to 
v(t) = Va4 Where point @ has been shown in Fig 2.18(b), with its two points (Va,, 0) and (0, 
Vaa/R,) if we ignore Ry compared to R,. This load line cuts the diode’s V-J curve at point Q. 
Such a point which we obtain by assuming AC signal zero is called the Quiescent point. 
This word has been derived from Quietness, i.e., situation when there is Quietness or no 
signal (because the signal is what varies, as v,{t), DC being constant doea not constitute any 
signal in Communication Theory). As the net value of voltage v(t) varies from Va, to Vaa + Vi. 
and then to Vy, — V,,, the load lines run parallel to the Q-point load line and these two load 
lines corresponding to Vay + V,, and V4,4 — V,, intersect the diode V-] characteristic at points 
@, and Qs, respectively, as shown in Fig. 2.18(b). If we consider all the possible values of 
v(t), and not only the extreme values, it is clear that the @ point will move on the diode’s 
V-I characteristic between points @, and @». For small excursion, Va, — V,, to Vay + V,, of 
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the voltage u(t), the V-J characteristic of the diode between points Q, and @, can be consid- 
ered almost a etraight line. Smaller the value of V,,, more accurate is the approximation of 
part @,@. to a straight line. It is this aspect that we get accurate analysis only for very small 
signals. We do not use the full V-J characteristic of the diode because it is highly nonlinear 
(exponential of the form Ige"e!*r) for calculation which becomes quite complex. However, 


a small linear part @, to Q, of the diode characteristic enables us perform simple analysis 
of the diode performance. 


Let the total current flow in the circuit [see Fig. 2.18(a)] be 
ip = Ing + iy(f) 
= Ing + fam sim at (2.14) 
where Jpg = DC current if off) = Vy, and o,f) = 0 
iy = AC part of ip that is superimposed due to v,(t) 
The value of Jpg found by using the relation: 


Vi, -V. 
Ing = ——— (2.15) 
where R= R,; + R,, (if Ry is not neglected). We obtained such a result in Eq. (2.12) and have 
simply replaced Vp by V, 


Via* ¥, 


Fig. 2.19(a) Showing the concept of Fig. 2.19(b) AC small signal model. 
incremental conductance gy. 


To find the AC current iz, we first define some parameters as follows: 


Incremental conductance 


ee mho (2.16) 
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dit 
or fa = J mho (2.17) 
Incremental resistance 
1 dup 
r,=—=— | ohm (2.18) 
‘Ba dip ; 


Around the ¢)-point (i.e., between @, and @),), the V-/ characteristic curve is assumed 
to be a straight line. The values dup and dip are shown in Fig. 2.19(a). If Q, Qs is a straight 
line then dip/dvp is the slope of the Diode’s V-J characteristic at point @. Hence g, equals 
the slope of ip — Up curve at the quiescent point @. Also, note that the slope (and, therefore, 
L/slope) is not constant along the entire length of the ip — vp curve. Hence we call gy as the 
dynamic conductance and 1/g,, L.e., ry, dynamic resistance. It ia dynamic in the sense that 
it varies (dynamics means movement, variation in position) depending upon the location of 
the @-point. We can choose the desired @-point by applying voltage V4, [v,(t) being zero 
here] by the DC model. Then we determine the dynamic resistance rz at the @-point. The 
diode uffers resistance r, to the AC signal. Thus, the AC model of the diode can be shown 
in Fig. 2.19(b). 


2.11.1 Determination of rg (or gy) at the Q-point 


It is desirable that we first understand the notations used in the derivation. 


In or Vp indicate DC values of diode current and diode voltage. 

iy OF Ug indicate AC values of diode current and diode voltage. 

in OF Up indicate (DC + AC) values of diode current and diode voltage. 

Let the values of diode current and diode voltage at @-point be Ing and Vpg, respec- 
tively. As point @ lies on the diode V-J characteristic, therefore, 


Ing = Ig(e’02!™T ~1) = Ige’oa! tr (2.19) 


When we move along the diode curve, away from the @-point, we have the current ip 
and voltage vy being (DC + AC) values 
in =Ip + hy = Ig(e%o!™r =) (2.20) 
Differentiating both sides of Eq. (2.20) w.r.t. up and remembering that Ip is constant 
(being a DC current), we get 


bq = Fh 0+ Igler0"* -0).—— [see also Eq. (2.17)] (2.21) 
D vy 


1 ¥ 
or &a ~ Vp gé ole (2.22) 


At @-point gy is found by replacing vp by its @-point value, i.e., by Vpg From Eq. (2.22), we 
get ; 
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1 Ving fe 


=——Ipg [using Eq. (2.19)] 


V. 
i Te at Q-point (2.23) 


2.11.2 Rule to Analyze a Diode Circuit with DC + AC Input Voltages 


Consider a diode circuit shown in Fig. 2.20a. The input signal consists of a DC voltage Vay 
superimposed with an ac signal vf). We want to find the total current in the diode: We 


proceed as follows: 


1. Draw its DC model by making v, = 0, replacing the diode by A; in series with 
cut-in voltage V,. Note the polarity of voltage V,, [See Fig. 2.20(b)]. Calculate Ing 
by the following relation: 


7, ova -¥y) 
Da (RB, + Ry) 


Fig. 2.20 (a) The given diode circuit with input DC + AC voltages, 
(b) its DC model to find Ipg, (c) its AC model to find iy. 


. Find rg at @-point by using Eq. (2.23), 1e., 


iV, 
th=Te 


. Draw the AC model by replacing the diode by its dynamic resistance r, (calculated 
in Step 2), only taking AC part of the signal, ie., v, and ignoring all DC voltages, 
viz. Va4 and V,. Then AC current iy is given by [See Fig. 2.20(c)] 


ig § 
(ry + Ry) 


. By superposition, the total diode current is given by 


in = Ing + ig 


The voltage output at A, is given by (ip. Ay). 
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Static Resistance: Besides the dynamic resistance r,, there is also another parameter 
called Static Resistance (R,,,,), and is defined as the ratio of DC voltage and DC current at 
the Q-point 1.e., 


¥ 
. = (2.24) 
Bo 


E EXAMPLE 2.10 


The reverse bias saturation current for a P-N junction diode (Silicon type) is 1 LA at 300K. 
Calculate the dynamic and static resistance at 200 mV forward bias at 300K. 


Solution Here [g;=1™10°A, = 2 (Silicon diode) T= 300K 
For a diode, ip =Ig(e"®/™T -1) 


At T = 300K, taking Vr = 25 mV, we get 
in =] 104 (e7/2=™ = 1) 


=1x 10“%e4 — 1) 
= 10°(54.598 — 1) 
or Tg = ip pang = 53-598 x10 A 
Dynamic resistance is given by 
Fa = dup F | nV; 
F : Et 
dip Ing 
-3 
or ry = We. 2X25 x10 _ ggg kn Ana. 
Ing 53.598 x10 
Now, Static resistance, Ry, = —2- 
Tog 
oe = 3.731 kQ Ans. 
63.598 = 10 


+ EXAMPLE 2.11 


The circuit shown in Fig. 2.21(a) is used at 20°C with 
Va4 = 9 V, Given, V, = 0.2 V and R, = 2 kX. V,= 0.6 V, 
R,; = 10 Q and 7 = 2. Determine: 

(a) the alternating component of the voltage across R,. 

(b) the total voltage across R,. 

(c) the total current 
Solution First draw DC and AC models as shown in 
Figs. 2.21(b) and (c). From the DC model shown in Fig. 2.21(b), 
we determine the bias levels (Le., quiescent current) 


Fig. 2.21(a) Cireuit for Ex. 2.11. 


Chapter 2 The p-n Junction Diode Z 63 


Ry YY 
10 «©S6V ry = 12.0 (Calculated) 


Cp, = Vag 
Fig. 2.21(b) DC model. Figure 2.21(c) Incremental model 
(AC model). 
| _ 9-06 
(a) R, +R; 
= _ 84 4 5.4 4 = 4,15 mA 
2000 +10 + 10 2010 
The dynamic resistance r, is given by 
=e 
Tg 
ix = 119 12.0.9 
4.18 mA 6, say, 
We use this value of ry in the AC model (incremental model) shown in Fig. 2.21(c). 
Clearly, Vag = IngF (from DC model) 
= (4.18) = (2) = 8.36 V 
ee 
and ty (R, +1) +1) 
Sin at : 
= 0.2 —_——_—__= 0.099 cat 
(2000 + 12) ae 
Now, Uy se’ “yt Vm sin ax) 
1 + 
2000 
= ——— x 0.2 iV 
“3000412 °°?" 
Therefore, v,,.. = 0.199 sin ag gives the alternating component of voltage across R,. Ams. 
(b) ult) = Vag + Voae 


= (8.36 + 0.199 sin mt) Vo Ans. 
(c) The overall current ip in the load resistance is given by 


tp = Ing * ta 
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= 4.18 + 0.099 sin wi 
(4.18 + 0.099 sin wt) mA 


EXAMPLE 2.12 


In the circwit shown in Fig. 2.22(a), J is a DC current 
and v, is a sinusoidal signal. Capacitor C is very large: 
its function is to couple the signal to the diode but 
block the DC current from flowing into the signal 
source. 
(a) Use the diode small signal model to show 
that the signal component of the output volt- 
age is: 


Pees! Se 
00" Vy + IRs 
(b) If vu, = 10 mV, find v, for J = 1 mA, 0.1 mA 
and 1 pA. Let Rg = 1 kQ and 7 = 2. 
(c) At what value of J does v, become one-half of 
vD,° 


Fig. 2.22(a) Circuit for Ex. 2.12. 


Solution (a) The small signal equivalent circuit is 
shown im Fig. 2.22(b) since C is effectively short- 
circuit for ac signals. Clearly, 

r 


‘a} v.cv,-=— 
cs i Rg +1y 


oe Fig. 2.22(b) AC equivalent circuit. 
av, rll 
Ya = Oe Benet) 
= nV, 
Ye Ma, + IRg 
(b) For v, = 10 mV, J = 1 mA, 0.1 mA, 1 pA and Rg = 1 kQ, 
2x (25 x10) 
2% (25 x 107) «(107 110") 


-3 
oe es =0.476mV Ans. 
50x10 +1 


i Valperma =10x10™) 
| 


=107 x 


50 x 107 
-2 ee 
Volree ies =i" x 50x 107° +0.1 
50» 107 
-2 
‘a EE 
ao 50 x 107 +107 


=3.33mV Ans. (- IR, = 0.1) 


vol yes ua = =9.803mV Ans. (v IRs = 10%) 
Ola] A 


——$_—————— ss 
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(c) For v, = v2, we have 


v, 225x107 
SS ee 
2 2x 26x10™ + IR, 


= (50 x10 + IRs) =2x25 x10" 
or IRs = 107! — 50 x 10-9 = 10-7 (100 — 50) = 50 x 10°79 


50x10" 50x10° 
or hh 
Rs 10° 
=50x 10° A 
or f=50 pA Ans. 


Note that this circuit functions as a signal alternator with the attenuation factor controlled 
by the value of the DC current J. 


2.12 CAPACITANCES IN A DIODE 


There are two types of capacitances associated with a pn-junction diode. These capacitances 
must be added in the small signal model of a diode when it is used as a circuit element 
especially at high frequencies. 

When a diode is forward-biased, the charge 
storage in the diode (outside depletion region) 
causes a diffusion capacitance, Cp. The small 
signal model of the diode is, therefore, modified Fa —— Cp 
by taking the diffusion capacitance Cp across 
the dynamic resistance, ry as shown in Fig. 2.23. 

Under reverse-biased conditions, the space 
charge in the depletion region increases with an Fig. 2.23 Small signal models of diode 
increase in reverse voltage. The capacitive effect for high frequencies with 
is called transition capacitances or depletion forward bias. 
capacitance, Cy. The small signal model of the 
diode under reverse-biased condition; is 
therefore, modified by placing Cy in parallel to 
reverse incremental resistance, r, as shown in 
Fig. 2.24. if cr 

In fact, both the depletion and diffusion 
capacitances exist for forward as well as for 
reverse bias cases in diodes. Under forward- ; 
biased conditions, the value of Cr (the depletion sacar tach arose 
capacitance) is small as compared to Cp (the iis 
diffusion capacitance) and, therefore, C; may be 
neglected. Similarly, for reverse-biased case, Cp is small as compared to Cr and may be 
neglected, However, in computer aided design problems, both Cy; and Cp are usually taken 
into account, 
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2.12.1 Transition Capacitances (C,) 


We have earlier seen that when a diode is reverse-biased, majority carriers move away from 
the junction, thereby increasing the width of the depletion region where space charge exists. 
This increase in the mobile charges within the depletion region with increase in voltage can 
be viewed as a capacitive effect. This incremental capacitance Cy is called transition 
capacitance or depletion capacitance and is given by 


Cy = 


where d@ is the increase in charge due to an increase dV in reverse voltage. As the +ve ions 
exists on the mn side and —ve ions on the p side, the junction behaves as a parallel plate 
capacitor and its value is given by 


x | (2.25) 


€A 
Cr = We (2.26) 
We shall derive the value of Cy for a step graded junction. 


Step graded junction: For a step graded junction, there is an abrupt change, say, from 
acceptor ions on one side to donor ions on the other side of the junction. This type of junction 
is formed by placing a trivalent impurity (such as Indium) against n-type Ge and heating 
the combination for a short time. Some of the Indium atoms dissolve into the n-type Ge and 
converts it into p-type Ge. This type of step graded junction is called as alloy or fusion 
junction. Such a junction is usually formed between the emitter and the base of a planar 
transistor. 

Figure 2.25(a) shows a step graded junction reverse-biased by applying an external 
voltage Vp. The charge density, o, variation is shown in Fig. 2.25(b) where Ny >> Np. It is 
not necessary that the concentration V, and Np be equal. In fact, it is often advantageous 
to have an asymmetrical (Ny, Np wise) junction particularly in FETs. In this analysis, by 
assuming NW, >> Np, the depletion width on the p-side can be neglected and this simplifies 
the analysis. 

Assuming NV, >> Np, we have the following: 


NW, = NpW, (2.27) 
because the net charge must be zero [i.e., W, and W, get so formed automatically when a 
junction is made, to satisfy Eq. (2.27)]. As Ny => Np, therefore, 
W, << W, 
Total width W = Ws +W, = W, (2.28) 
We shall now determine the value of W for the step-graded junction diode. 
As per the Poisson's relation, we have 
dV __ Be : 
dx* & (2.29) 
Here , is the charge density (in coulombs/m*) and is given by 
P= agp (on 7 side) 
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Vv (here V), is -ve 
iD : 
+ |= “. reverse biased case) 


Fig. 2.25 - (a) A reverse-biased step-graded p-n junction with N, >> Np, (b) The 
charge density o, in the depletion regions (-W, to 0 and 0 to W,). (c) Field 
intensity “(x) due to p,. (d) Potential V. 


Putting this value of pg, in Eq. (2.29), we get 


d’°V oa gn np 
dee 
The electric lines of flux start on the +ve donor ions and terminate on the —ve acceptor 
jons. Hence there are no flux lines on RHS of the boundary x = W,. In other words the 
electric field intensity “(x) is zero outside the depletion region, as shown in Fig. 2.25(c). 
Integrating Eq. (2.30) w.r.t. x on both sides, we get 


(2.30) 


élx)=-—= |b 2 de+ } 
ix} 7% J 7 dx + K, (constant) 


o ND er, (2.31) 
- ) 


The constant A, in Eq. (2.31) is found by applying the following boundary conditions. 
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&(x)=0 at x= W, (° no lines on RHS5 of x = W,) 


o-Now. «x, 
& 


which gives K, --Wow 
£E 


Thus, we get from Eq. (2.31) after putting A, = (-gN)/AW, and assuming W, = W, 


dV gNp 
4 agi ae 
(x) ; : (x 


-W) (2.32) 


Integrating Eq. (2.32) again w.r.t. x gives us 


V =— [ED (x -Wae 


F 
== Tp [= - war] + K, (constant) (2.33) 


The variation of the barrier potential V for the holes crossing from p to n is shown in 
Fig. 2.25(d). 


We assume that V = 0 at x = 0. To be more rigorous V should be taken zero at x = — W,, 
However, W, << W, and the point x = 0 almost touches the — > Point. 


Putting V = 0 at x = 0 in Eg. (2.33) gives us Ay = 0. Hence Eq. (2.33) reduces to 


NT a 
V =--f2 [S-w.r| (2.34) 


The value of V at x.= W gives the barrier potential or the junction voltage, which is 
denoted by symbol V;. For an open circuited junction diode, V; has the value Vp or V, which 


we calculated in Chapter 1 as Vy In( Ny .Np)ni. Externally applied voltage alters the 
value of reverse bias across the junction, and the total junction reverse voltage Vj, is 
V, = V,- Vp = Vo - Vp (2.35) 


Note that for Vp +ve (forward voltage) the net reverse bias across the junction decreases and 
for Vp —ve (reverse voltage), the net reverse bias across the junction increases. 


The value of net junction voltage (reverse) is when x = Win Eq. (2.34). This gives us 
[putting x = Wand calling V as V; in Eg. (2.34)) 


_gN pW? 
vy, -E 2 _ (2.36) 


In other words, the depletion width W is proportional to square root of total junction 


voltage Vj (ie. W = WV; ). Thus, the depletion width increases with higher (reverse) junction 
voltage -V;. 
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2.12.2 Calculation of Transition Capacitance C, (for step graded junction diode) 
Depletion/transition capacitance given by Eg. (2.25) is 


eA 
Cr = We (2.37) 


where ¢= Permittivity of the semiconductor (F/m) 
A = Cross-sectional area of the junction (m*) 
W = Depletion region width (m) 


1/2 
From Eg. (2.36) W = (=) 


lz 
or a a{ sero (2.37a) 


Replacing V; by Vp — Vp [due to Eq. (2.35), we fimally obtain 


geN p 
=A = = 
ae [ate 


which is the same as mentioned earlier in Eq. (2.26). Note that Vp is —ve for reverse-biased 
diode. From Eq. (2.38), we can write 


12 
[for step-graded junction diode] (2.38) 


-n,.\? 
Cr |, 20 -a( see) =Cy (say) (2.39) 
0 
where C, denotes transition capacitance of an open circuited junction diode. 
-2 
= Cy — =C,(1 = ve) (2.40) 
V, -¥; 0 
(2) 


where Vp is +ve for forward bias and —ve for reverse-bias diode. Equation (2.40) shows that 
Cy varies if the applied diode voltage Vp is varied. This property makes the diode a useful 
device to obtain a voltage controlled variable capacitance. 


fo EXAMPLE 2.13 


Calculate the barrier capacitance of a Germanium p-n junction whose area is 1 mm by 1] mm 
and whose space charge thickness is 2 = 10~ cm. The dielectric constant of Germanium 
(relative to free space) is 16. 


Solution The depletion region capacitance is given by Eq. (2.25) as 


_eA 


c 
TW 


Hidden page 


Hidden page 


Hidden page 


Hidden page 


Hidden page 
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Ww Ww 
Solution Let x) = qkx, ay <x ary as shown in Fig. 2.27(b). 


where g = charge density 
k =a +ve constant 


By Poisson's equation, therefore, 


= = 


Six)ac— a [Pte 
dx Je 

dV sgh x 

— ee 


Fig. 2.27 (a) Reverse-biased, linearly graded p-n junction. 
(b), (c), (dj). Variation of p, (x) and V. 
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When x= + Wi2 and Vids = 0 then 


2 
x, -veW? 
© 6 
dV _ qk 2 2 
=o ar (— 42° +W"*) 


Integrating again 
-=z" 4 |+K 


Atz=0, V= Vis2 {due to symmetry) 


k| 4 
V; -t) 20-0? x0]+K 
Wa gel 3 i 


¥, 
or Ki=> 
. - 2-822 +wis|+a 
Be 
At x= Wi, V=V; 
wok | 40 ys), ¥ 
Be| 3 6 2 2 
V; gk 1 1 1 
1 I pi ta ta |e a 
2 Be (-2+3) aac OW 
v.<-— aew? i) 
i* tae" 
With the reverse a ea el 2.27, the barrier is increased. 


where V, is the cut-in voltage and Vp the reverse: bias 
Thus, for a linearly graded junction diode, 


We vs 
! 
To find transition capacitance Cy, we first find total charge contained on one side as 
=2.(F ala® (Area of triangle dotted x Cross-sectional A in 
Fig. 2.27(b)) 
= + gkW?A | 
8 
d 
Now, C= 2 
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_dq_ aw 
dW dV 
fa) 
= 1 z 
f _... ag 
| determining Fy and from (i) and wi) 
1 wath, = 


ge gt Ww 


alia 
where K (nes ) 


fi 13 
P ry 1 
Or directly Cray PA. oa a] 


Ans. 


Diffusion capacitance (Cp): When the diode is forward biased, and there is no barrier 
to the movement of majority carriers, the holes diffuse from p-side to the n-side by crossing 
the junction. Consequently, in the vicinity of junction, on the n-side, we have greater hole 
concentration than normally exists (during non-conduction). As we move away from the 
junction, towards the n-type side, the amount of such excess holes decreases since the holes 
recombine with the majority carrier electrons on the n-side. Similar is the situation of 
electrons diffusing across the junction and going towards p-side under forward biased junction. 
Now, if we apply a signal (e.g. V,, sin wt) which will increase the forward bias, say, by AV 
(during the time when V,, 3in @f is +ve), there would be more diffusion of the majority 
carriers (when these go across the junction) due to increased forward bias. Increased diffusion 
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would cause a change JG in the charge stored near the junction. This phenomenon can be 
described as a capacitive effect. Thus, the rate of change of injected charge with voltage is 
called the diffusion or storage capacitance, Cy and is given by 


Diffusion capacitance Cp =ay 
_ Aa) 
AV | 


AL operating point 


In order to derive an expression for diffusion capacitance, we firat discuss the minority 
carrier distribution in a diode as given in the next Section 2.14. 


(2.23) 


2.13 MINORITY CARRIER CONCENTRATION AND THE LAW OF THE | 
JUNCTION 


2.13.1 Forward-Biased Junction 


Due to thermal voltage Vr some holes from p-side get injected to n-side and also some 
electron from n-side get injected to p-side. This makes the hole concentration and electron 
concentration maintained at values p,, (on va-side) and v,(0) (on p-side) due to thermal 
equilibrium. Now, if we apply a forward voltage V), across the diode additional holes pet 
injected to m-side (from p-side) and similarly additional electrons get injected from n-side to 
p-side. The additional injected holes make their concentration increased from p,,. to p,(0) at 
x = 0 on a-side. However, these additional holes p,(0) - p,, decrease as we go towards n- 
side due to recombination with plenty of majority carriers available on n-side. Similar is the 
fate of additional electrons n,(0) —n,, on the p-side. The additional holes and electrons decay 
in their densities exponentially as shown by the curves p,(x) and n,(x) in Fig, 2.28(a). Their 
exponential decrease is such that they tend to reach the thermal equilibrium values p,, and 
Aig 25 X + oo and x —» —», respectively. 


Concentration Cencentration 


Fig. 2.28 (a) Minority carrier p,(x), n(x) density for forward bias 
(b) Minority carrier densities for reverse bias. 
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Thus, we can mathematically express this decay, for excess holes, by an expression 
pa’(s) = pyO)e*!* = p(x) ~ Dag (2.41) 


where 
Pa, (x) = Excess/injected holes from p- to n-side at any point x 
p, (0) = Excess/injected holes at x = 0 Le. the junction point 
Poo = Thermally generated holes in n-side (must remain constant barring disturbances 
of injection holes) 
L, = Diffusion length for holes in metres 
= Mean lifetime of holes in seconds, 
D, = Hole diffusion constant (m*/sec) 
Also, we have the following relation [to be proved later, see Eq. (2.51)] 
L, = (D,t,)¥ (2.42) 
where L, = Mean free path for holes (m) 
Z, 1s also called (mathematically found) the mean free path for a hole. After time ¢,, 
Le. at x = L,, the intensity of excess/injected holes p,'(x) becomes 36.7% (= e~!) of p,'(0). 
Figure 2.28(a) shows p,"=p, - p,q falling off exponentially with increase of x. 

The behaviour of excess minority carriers ny (x) (equalling n,(x) — nyo) is similar to that 
of p,'(x). Here, the corresponding diffusion length of electrons, mean life time of electrons 
and electron diffusion constant is, respectively L,, 7, and D,. Also, L, = (D,7,)"" holds. 

The law of the junction states that the net hole concentration p,(0) at x = 0* (on the 
n-gide of the junction) is a function of forward bias voltage Vp applied across the junction, 
1.€., 


p,(0)=p,,e'!* (2.43) 


Note that for no forward bias V, applied, p,(0) = p,, as directed by thermal equilibrium 
conditions. Similarly, if n,(0) is the electron concentration at x = 0 (Le., on p-side), no is 
the electron concentration at x = (- due to thermal equilibrium voltage Vy and Vp is the 
forward voltage bias applied across the junction then the law of the junction holds for p-side 
also, i.¢., 


n,(O)=n,ge oF (2.44) 


2.13.2 Reverse-Biased Junction 


From the laws of the junction, given by Eqs. (2.43) amd (2.44), if Vp is —ve and much greater 
than Vy (as is the usual case in practice) then 


p,(0) = -,(0) = O at x= 0 


ie. the concentrations of minority carriers (p on n-side and nv on p-side) is identically zero 
at x = 0 (ie. at the junction). We can explain this physically also. With reverse-biased 
junction, the depletion region, which is almost at the junction, has +ve ions on v-side and 
—ve ions on p-side. Under the influence of reverse bias (+ve on n-side and —ve on p-side) the 
minority carriers in nm and p regions get pushed towards the junction. As soon as these 
minority carriers, say, holes from n-side cross the junction, these have-to pass through the 


depletion region on p-side, which has —ve ions, and these get absorbed. Similarly, the 
minority carriers, electrons from p-side get absorbed in the depletion region on n-side (which 
has +ve ions). In short, the concentration of minority carriers, under the reverse bias condition 
is zero at the junction x = +0 or x = —0. This is shown in Fig. 2.28(b). However, the steady 
state, 1e., thermal equilibrium like conditions must hold as we move away from the junction 
x = 0 towards end of p-side (x = —-) and towards the end of n-side (x = +=), so the curves 
p,(x) and n(x) must exponentially mse from zero to the values p,, and n,», respectively as 
ecen in Fig. 2.28(b). 


2.14 CALCULATION OF DIFFUSION CAPACITANCE Cp 


Let us first understand how much charge @ is produced by a forward conducting diode. 


The total current due to both a potential gradient and a concentration, say, for holes is 
given by Eq. (1.40) 


| | 
I, = JpA=Alaugpe-a ae (2.45) 
dx | 
Drift current Thffusion current 
part part 
Under forward biased comdition the total current ia given by 
Total diode current, J = £,(0) + J,(0) (2.46) 


where (0) = Current due to holescrossing p to n side 
f,(0) = Current due to electrons m to p side 


Theoretically, 1t can be shown that the minority-carrier drift current crossing the junc- 
tion is negligible as compared with the minority-carrier diffusion current. 

Assume p-side heavily doped w.r.t. n-side so that the current / crossing the junction is 
entirely due to holes from p- to n- side. From Eq. (2.46), 


I= 1,(0) + 1,(0) 
= 1,0) [for £,(0) << J,(0)] 
iLe., I = 1,{0) (2.47) 


But I pix) is A) auppe _ qD, 4 


=-AgD, Fa (neglecting drift current w.r.t. the diffusion current) 


ait, -1 
- - AgD,| 2 (Pao +P, Ole) 


[due to Eq. (2.41) p,(x)= pio +P, (Oe | 


where ~,9 16 a constant: thermally generated holes. 
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Thus, F(x) == AqD, B (0).e* i. - ral 
BP 
e 1c) MAP") ave 
Pp 
As I =1,(<)|,_, ~ ABPe Pa Amp (2.49) 


Pp 
We have assumed current mainly due to holes crossing to n-side (because of heavy 
doping of p-side as compared to the n-side). Thus, the minority carriers (excess minority 
carrier, Le., holes) produce charge @ only on n-side, On the n-side, since excess minority 
carriers obey 
p,(x)=p,(0)e"'" — [due to Eq. (2.41)] 


Therefore, Charge Q= | Aap, '(x) dx (due to excess minority carriers) 


= |, Aa pate *! dex 


gull, 
= Ag p, (0) =k, 
Le., @ = - AgL, p,'(0) (0 - 1) 
or @ = AgL, p,'(0) (2.50) 


Dividing Eq. (2.49) by Eq. (2.50), to eliminate p’(0), we have 


a 
q L AgL,p, (0) 


'p 
D 1 
"a7, 
Q Bp 
Po {=o— = 
: and tf, D, (2.51) 


D, = Hole diffusion constant (m*/s) 
L,, = Mean free path for holes (m) 
t = Mean life time for holes (sec) 
@ = Charge, due to minority carriers (holes) in n-side, in Coulomb 
I= Diode current in A (neglecting electron current J,(0) as p-side is heavily doped 
w.r.t, n-side) 


Relation (2.51) is called ‘charge-control description of a diode’ relation. It states that the 
current J supplies the minority carriers at the rate at which these carriers are disappearing 
because of the process of recombination, in the steady state. J is linearly related to @ 
through the constant +, If @ is +ve, the diode is forward biased and if @ is —ve, the diode 
is reverse biased. 


2.14.1 Diffusion Capacitance Cy 


In a forward-biased diode, the minority carrier storage (say, holes in n-side) can be described 
by storage or Diffusion Capacitance Cp. 


cae [= Q=JIrfrom Eq. (2.51)} —(2.52) 


Cp =Tg4 =r [see Eqs. (2.17) and (2.18)) 
a 


dV 
Now, Dynamic resistance of a diode Tj “7 


[due to Eq. (2.22)] (2.59) 


But y= ji 4 
Using Eq. (2.53) in Eq. (2.52), we obtain 
7 es (2.54) 


mr ty 
where Jpg = Steady state quiescent current (im A) 


T 
Vy; = thermal voltage = 11.600 volts, T in kelvin 


n= 2 for Silicon and 1 for Germanium transistors 
We assumed that electron current J,(0) is zero for deriving Eq. (2.54). If the hole current 
£,(0) and the electron current [,(0) are both to be considered, then Cp = Cp + Cp , where 
r a 
Cp, is given by Eq. (2.54) for the hole current. C, would be obtained from a similar 


expression. 
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EXAMPLE 2.18 


Given a forward-biased Silicon diode with J = 1 mA. If the diffusion capacitance is Cp = 1 pF, 
what is the diffusion length L,? Assume that the doping of the p-side is much greater than 
that of the n-side. 


Solution We know that 


Ly = (Dpt)”2 (From Eq. (2.51) @) 

rl - 

em [From Eq. (2.54)] (ii) 

_ Tf e 

and Vr =77600 — 


where JL, = Diffusion length for holes (m) 
D, = Diffusion constant (m/s) for holes 
(= 47 for Ge and 13 for Si) 
*, = Mean life time of the hole (seconds) 
Vp = volt equivalent of temperature T (= 26 mV for T = 300 K) 


n= a constant in J =J,(e"/"? -1) 
(7 = 1 for Ge, 7 = 2 for Si) 
From Eq. (i), 


{1x 10) (13) x (2)(26 x 107) 
1x10" 
= (26)" x 10°¢ 
or L, = 26 x 10% m = 2.6 ems. Ans. 


2.15 SWITCHING TIME OF THE JUNCTION DIODE 


The transient response of a diode, driven from an ON to an OFF state or from an OFF state 
to an ON state, is an important parameter of a diode which limits its operation at high 
frequency. Transient time is the time that elapses before the diode reaches to its new state. 
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Consider a simple diode circuit 
shown in Fig. 2.29(a). In input signal, 
vy; shown in Fig. 2.2%b) is applied which 
changes from +Vp to -Vp at the time ¢ 
=f,. We assume that A, is much larger 
than the diode forward resistance Ry 
iLe., R, >> A), also assume that the 
forward voltage Vp (which v; assumes) 
is much greater than the cut-in voltage 
V,(ie., Vp >> V,). The input voltage vu; 
is applied much before we reckon time 
t =f). This is to ensure that at f = fy, 
the diode is conducting in the forward 
direction and current ip = Vp‘R;,, 
direction of ip is shown in Fig. 2.2% a). 
During the forward conduction of the 
diode (forward bias) the majority 
carriers cross the junction and diffuse 
across the junction. Figure 2.29(c) shows 
the excess minority carriers (i.e., holes 
having crossed the junction to the n- 
side). The value p,"(o) shows the excess 
minority carriers at the junction on n- 
side and equals overall concentration 
p,(0) minus the thermal equilibrium 
concentration p,5 (when there is no u,). 

At time ¢ = ¢), as vu; changes its 
value from +V to -Vp, it amounts to 
reverse biasing the diode. A reverse- 
bias diode should pass I; as the reverse 
current when in equilibrium and when 
the proper depletion region has been 
formed. As long as there are excess 
minority carriers near the junction, Fig. 2.29 (a) A diode D with a resistor A, and 


_ these tend to cross the junction from input voltage v;, (b) Input voltage v; which 
where they had come, due to reverse changes abruptly from + Vp to — Vz at ¢ 
voltage Vp. (Recollect that a forward = ty, (¢) Excess carrier density at the junc- 


tion, Note that 5,10) = p,(0) — pip (see 


bias helps majority carri , ) 
sche eb ol artae aks cade Mb  a Fig. 2.28), (d) The diode current. 


towards the junction and a reverse bias 
helps minority carriers to go towards 
the junction). This causes a reverse current of -V;/R, since the diode having no depletion 
region, but having sufficient minority carriers near the junction, has low resistance. The 
ohm’'s law allows maximum current of magnitude Vp/R, shown as Ip in Fig. 2.29(d). As long 
as these stored minority carriers can supply sufficient number of holes, necessary to make 
up current V,/R,, the reverse current remains constant as shown. in Fig. 2.29(d) from time 
ft, to fy. Having drained most of the minority carriers to support current Vp/R,, at time ty 
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their concentration is low and unable to continue passing current Wp/f,. Thus, from ty 
onwards the current ip decays from its value (—Vp/R,) to (-Ig) at time tz. When ip = —Ig the 
diode has passed on to OFF mode. We define 


Storage time ft, = ft, — t,, where ip = -V_/R,, (constant) 
Transition time f, = ty — ts, when Ip decays from —Vp'R; to —Iy 
Reverse recovery time [,, = [, + [; (2.55) 


Thue, ¢,, is the time interval which elapses between the time of switching the signal pv, 
to reverse voltage and the time the diode actually having assume OFF state. In general the 
storage time ft, is much greater than the transition time ¢,. If we wish to have low reverse 
recovery time #,,, we should aim at decreasing ¢,. In point contact diodes, the value of ¢, is 
very small. Commercial switching-type diodes are available with i,, much less than a 
nanosecond (10° second) and also there are diodes where {,, is as high as 1 microsecond (10% 
second). The diodes with low t,, are meant for the memory devices and should pass very 
small current during forward conduction. The diodes with large t,, are used for large current 
and where high frequency operation is not important. 

When a diode is OFF and we apply a forward voltage to switch it ON, some time elapses 
before the diode comes to ON state. This time is called forward recovery time ¢;,. In 
general ¢,, is reckoned as the time required for the diode to change the current from 10% 
to 90% of its final value when the diode is switched ON from OFF state. The forward 
recovery time f,. is much lower than the reverse recovery time {,, and, therefore, may be 
ignored for approximate calculations. 


One of the methods to realize a diode having low ¢,,, is to minimise its storage time f,. 
This is done in Schottky Barrier diode as explained in the next Section 2.17. 


2.16 SCHOTTKY BARRIER DIODES 


The junction formed by a metal and extrinsic semiconductor (Le., p-type or n-type) can be 
either rectifying or ohmic. Figure 2.30(a) shows two types of contacts made by Al with n-type 
silicon. If Al is deposited on a heavily doped (nm) silicon, as in contact 2, the formation of 
a p-n junction is prevented and we get a non-rectifying or an ohmic contact. However, if Al 
is directly deposited on the n-type silicon (contact 1), we obtain a rectifying contact called 
Schottky diode. Figure 2.30(b) compares the V-] characteristics of a Schottky diode with the 
ordinary silicon diode. It is seen that 


(i) cut-in voltage V,is lower in Schottky diode, 

(ii) the reverse current is greater in the Schottky diode. 

Both these features result from the high electron concentration in the metal (Alummium). 
With greater number of carriers available, comparable currents are obtained at lower cut- 
in or other voltage vp. Similarly, this large number of carrier makes the saturation current 
higher. 

The Schottky diodes are principally used in JC for fast switches (than the junction 
diodes). As it is a majority-carrier device (there are no minority carriers in the metal), the 
storage time f, is negligible. The reverse recovery time i,, = i, since i, = 0. Thus, for fast 
switching operations the Schottky diodes are particularly useful. 


PELE EE EE ETL LE ELLE 


O3V O1.6V Up 


(BE) 
ib) 


PEELE TEE 


(e) 


Fig. 2.30 (a) Structure showing metal to semiconductor contacts (b) V-J character- 
istica of Schottky barrier diode and Silicon diode (c) Cireuit eymbol (Note 


S-type marking on cathode). 


2.17 ZENER DIODES 


The avalanche multiplication and zener breakdown are the two processes which produce the 
breakdown region in the reverse-biased characteristics of the diode shown in Fig. 2.31(a). 
The diodes having adequate power dissipation capabilities to operate in the breakdown 
region are commonly called zener diodes (The term zener diode is used independently of 
the breakdown mechanism). The zener diodes give nearly constant voltage, Vz for large 


changes in the diode current and thus are extensively used in Voltage Regulators. 


Fig. 2.31 (a) Reverse-bias characteristic showing breakdown region for a zener diode, 
(b) Zener diode symbol (Note the Z-type marking on cathode). 
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2.17.1 Avalanche Multiplication 


Consider a reverse-biased diode. A thermally generated carrier (forming part of the reverse 
saturation current J.) falls down the junction barrier voltage since electrons on p-side 
and holes on n-side (which form the minority carriers in their respective region) are assisted 
by a reverse bias. In fact the depletion region barrier voltage V, assists the minority carriers 
alongwith the externally applied reverse bias, to fall towards the junction. If the value of Vp 
plus the reverse bias (applied externally) is sufficiently high then the thermally generated 
carriers acquire energy and gain velocity from the applied reverse voltage. These sufficiently 
high velocity carriers collide with a crystal ion, impart this ion sufficient energy and 
consequently disrupt its covalent bond. In addition to the original carriers (which disrupted 
the covalent bond), a new electron-hole pair is also generated. This additionally generated 
carriers may also pick up sufficient energy and generate still other electron-hole pairs by 
collision by disrupting other covalent bonds. This process results in a large reverse current 
and the diode is said to have avalanche breakdown. 


2.17.2 Zener Breakdown 


Here, the breakdown of the covalent bonds takes place not by collision (as in avalanche 
breakdown) but by producing sufficient high electric field at the junction. A sufficient strong 
force may be exerted on the covalently-bound electrons such that the strong field tears off 
the covalent bonds. In tearing process, we have generated an electron-hole pair. These newly 
created electron-hole pairs increase the reverse current. Note that the Zener breakdown 
does not involve collision of carriers with the crystal ions. 

Zener breakdown occurs at about the field intensity of 2 x 107 V/m. This value is 
achievable by a reverse voltage of 6 V using heavily doped junctions. For lightly doped 
diodes, the breakdown voltage is higher, and there the avalanche multiplication is 
predominant. 

Silicon diodes operated in avalanche breakdown for maintaining voltages from a few volt 
to several hundred volts and with power ratings upto 50 W are available. 

Though the end reeults of both the avalanche breakdown and the zener breakdown are 
the same (generation of very high currents) but there are few vital differences in these 
processes, as follows: 


2.17.3 Comparison between Zener Effect and Avalanche Effect 


Zener effect Avalanche effect 
1. Caused by field ionization. 1. Caused by impact ionization. 
2. Direct bond rupture occurs due to high elec- 2. Due to high fields, the charge carriers 
tric field at the junction. acquire high velocities, ie. high energies 


aufficient to ionize the electron-hole pairs. 
The carriers, thus liberated, ionize further 
electron-hole pairs. It is a cumulative effect. 


(contd) 
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Zener effect 


. £ener effect occurs at approximately 


2x 107 Vim. This value is reached at volt- 
ages below about 6 V. 


. ener diodes have lower resistance. (Zener 


diodes are heavily doped) 


. They have soft knee. 
. For reference voltage below 6 V (and hence 


Avalanche effect 


. Avalanche effect occurs at voltages usually 


above 7 V. 


. Avalanche diodes have higher resistances. 


(Avalanche diodes are not heavily doped) 


5. They have harder/sharper knee. 
6. For reference voltage above 6 V, (and hence 


Avalanche breakdown), the temperature co- 


efficient is positive. 


zener breakdown), the temperature coeffi- 
clent is negative. 


2.17.4 Zener Diode Models 


The zener diode characteristic shown in Fig. 2.3](a) may be approximated by a piece-wise 
linear V-J relationship (as was done for a forward-biased diode). Figure 2.32(a) gives the DC 
model where Ay represents the static resistance. When the breakdown is virtually vertical 
[Fig. 2.31(a)), then Ry = 0. 

The small-signal model, is shown in Fig. 2.31(b) where, 


V. 
Dynamic resistance Fry = AVE (2.56) 
Alz 
A A 
Transition 
Ry, capacitance 
Fg C, (10 to 10,000 pF) 
Wz r AV; 
+ = 
poze aly 
c Cc 
ia) (b) 


Fig. 2.382 (a) DC model of the zener diode, (b) Small signal model of the zener diode, 


Ideally, rz = 0, corresponding to the vertical characteristic. Practically, rz is a few ohms. 
However, for currents below Izy, rz may be a few hundred ohms. As zener diode operates 
in the reverse-bias, the transition capacitance, Cy must also be taken into account in the 
amall-signal model as shown in Fig. 2.32(b) and is proportional to the cross-sectional area 
of the diode. Cy may vary from 10 to 10,000 pF for high-power avalanche diodes. 


2.17.5 A Simple Zener Regulator 


A zener diode regulator circuit shown in Fig. 2.33(a) is used to maintain a constant output 
voltage, Wy = Vz for varying load A, and for unregulated source voltage Vs > Vz. The 
equivalent circuit is shown in Fig. 2.33(b). It can be seen that 
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Ig = I, + Iz 


Vg —Vz Vz 


Iz =1g-1, = (2 Vo = Wz = I,K) (2.57) 


Rs Ry 


Fig. 2.33 (a) Simple zener regulator circuit, (b) Its equivalent circuit diagram. 


If Vs is constant, J; varies with variation of load ,. Also, for Vg constant, Ig = (Vg — Weis 
is constant. As J; increases, Jy decreases and vice versa. A zener diode is specified by low 
as well as high current limitations. The high current limitation is determined by the power 
dissipation capability of the zener diode. The limitation of lower limit zener current is Izp. 
For Iz < Ize (the knee point zener current) the regulation is poor and the output voltage 
deviates from Vz. For a given diode, the limits on J also restrict the minimum and maxi- 
mum values of the source voltage Vs. 


Generally, the value of knee current Iz, is specified by the manufacturers. However, as 


_a rule of thumb choose Jzy to be 5 to 10% of the maximum rated current, in case Ize is not 


specified. 


2.17.6 Rule to Solve Numericals for Zener Voltage Regulators Designs 


Let Vs have values Vs pin tO Vs max: (Minimum to maximum DC voltage). Let zener diode 
with Vz voltage have J; ,,;,, and J; ,,,, a8 the limiting current (minimum to maximum zener 
currents). Let the load currents vary from J, ,,;, to Jy, max. Then 

1. Ensure that Veg .i, is greater than V; (the required regulated output voltage). 

2. Ensure that the range (Is... — Jz min) 18 greater than (J; wax — Lt min) 

3. Use the relations: 


iV - Vz) 
Rs 
¥, min -¥. 
St Tg in + Ie (2.58b) 
Rg 
Zener maximum power rating Pz = Iz aa, . Vz (2.58e) 


These three relations must be satisfied, for the given design. Voltage regulator design 
problems are given in Chapter 3. 


a EXAMPLE 2.19 


(a) Two p-n Silicon diodes are connected in series as shown in Fig. 2.34(a). A 5 V 
battery is impressed upon this series arrangement. Find the voltage across each 
junction at room temperature (300 K). Assume the magnitude of zener voltage is 
greater than 5 V. 


(b) If the magnitude of the zener voltage is 4.9 V, what will be the current in the 

circuit. The reverse saturation current is 5 WA. 
Solution: Assume 7Vr = 0.026 V + Up, a 
(a) We have Zener voltage greater than 5 V. 


In Fig. 2.34(a) as per connections, diode D, is 
forward biased and D, is reverse biased. The diode 
D, passes the same current as the reverse biased 
current of Dy. 


1.€., In, =J, =5 pA 
To cause 5 pA in D,, we satisfy the relation: 
Ip, =1, = 1," -1) 


e'NWr 424 


+ Up, - 


In, = ty 


h I=}, 


+]°- 
5V 
Fig. 2.34(a) Circuit for Ex. 2.19(a). 


ry M.0R6 _ 


Up = 0.026 x In 2= 0.0173 V Ans. 
or Up, =5- Up, = 4.9827V Ans. 
[To check, what current voltage Up, causes in Do] 
Dz is reverse biased, therefore, 
Ip, = Igle 
= [,(5.89x10™ -1) = J,(0 - 1) 


= -Ih 


€ 


SABE OO 1) 


Thus, our assumption of Jp =Jy was justified. 


| (b) Refer to Fig. 2.34(b). Here, applied volt- 
age is 5 V, but for diode D, the zener voltage 
is 4.9 V. (Given) 


Thus, 4.9 V gets locked for D,, therefore, 
vp, =5-4.9=0.1V 


Ip, = Igte* =i) 


= (5 wA)(46.81 — 1) 
=229 pA Ans. 


Fig. 2.34(b) Here Up, = Vz = 4.9 V, up, = 
4.9 V (Zener volt) and uy = 
0.1 V. 
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Hence, diode D, passes forward current J =7,) =229 wA and this is also the reverse 
current for diode Dy. 


@ <A p-n junction diode is formed by a single crystal having one side doped by p 
(acceptor) material and the other side doped by n (donor) material. 


® The doping concentration may be equal or different on p and nv aides. 


@ Near the junction some holes of p-side and an equal number of electrons of n-side 
recombine. This leaves —ve ions on p-side and +ve ions on n-side. 


® The area depleted of charge carriers and having only ions is called the depletion 
region. 


@ The potential difference due to charges (in depletion region) on opposite side of the 
junction causes a barrier voltage V, which prevents further recombinations of holes 
and electron. The barrier voltage is also denoted by V) or Vp. 


® By forward biasing, i.e., +ve on p-side and —ve on n-side, the barrier voltage decreases 
and the width of the depletion region decreases. 


@ Jt is possible to fully neutralize the effect of barrier by applying forward bias equal 
to V, This renders the depletion width to zero. 


@ If we apply reverse bias (—-ve on p-side and +ve on n-side of the junction), the 
depletion region increases. 
® If we short circuit the p and n terminals, no current flows in the diode. 


@ The volt-ampere characteristics of a p-n junction diode is given by I, =Ig(e"*'"* -1), 
where J; is called the reverse saturation current and Wr = 7/11,600 volt. 


© For forward bias, Vp, Ip = Ige“'™? , and for reverse bias, Ip = — Is. 


« J; is temperature dependent. J, doubles for every 10°C rise of temperature. 

® As temperature increases, diode voltage, Vp should be reduced at the rate of 
2.2 mV/°C mV/°C for maintaining a constant Jp 

@ The load line is V4, = Ip + Vp and is a straight line. The Quiescent point @ is the 
intersection of load line and the diode characteristics J, =J,e"°'"T . 

® For drawing a DC model (large signal model) the diode is replaced by a barrier 
voltage V, and forward resistance Ry. V,= 0.5 to 0.6 V for Silicon and 0,2 to 0.3 V 
for Germanium p-n junction diodes. 

® Reverse biased diode behaves as an open switch or high conduction resistance R, 
where AR, — =, and a small conduction current equalling Is. 

® For drawing small signal (AC model), forward resistance Ry, is ignored and diode is 
replaced by its dynamic resistance r,. 


92 Electronic Devices and Circults 


® Incremental conductance g, ftp and fy ne, ry » We. at @-point. 
dVp Ba Ing 


® For forward-biased diodes, diffusion capacitance is given by 


ri 
Cy = 22 > 
Wr ty 


where Tis mean carrier time in seconds. 
® Reverse-biased junction diodes exhibit transition capacitance given by 
C- =— 
= ee 
where W is the depletion width and A is the area of cross-section of the junction. 
® Switching times are important parameters for choice of diodes especially at high 
frequency and use of diodes in memory matrix. 

@ Reverse recovery time tf, =t, + ¢, where f, is the storage time and ¢, is the transition 
time, 

@ Schottky barrier diode is formed by a metal and extrinsic (p- or n-type) semiconductor 
material. The storage time ¢, ia very small for Schottky diodes, and such diodes are 
more suitable for the operation at high frequency. 

® Avalanche multiplication and zener breakdown cause the same end result, resulting 
high currents, and keeping voltage constant across the zener diode (Vz). 

® Zener diodes are extensively used in voltage regulators. 

Voltage regulation is possible if the input unregulated DC voltage Vy. exceeds Vz 
and (fz max — Jz min) excoeds (Up max — [1 min). 


2.1 In a p-n junction, where is the magnitude of the electric field intensity maximum? 


2.2 What is the depletion region? What constitutes the space charge? (a) holes and elec- 
trons (b) donor and acceptor ions. 


2.3 What external polarity means forward bias? 
(i) positive on p-side and negative on n-side 
(ii) positive on n-side and negative on p-side? 
2.4 What happens to the width of the depletion region when we apply reverse bias to the 
p-n junction diode? 
2.5 Can we directly measure the barrier voltage V,? 
2.6 Explain the significance of each parameter in the equation I, =Ig(e%o'*r -]). 
2.7 Why does I; in the above equation act as a scale factor for the diode current Ip? 
2.8 How does I, (the reverse saturation current) vary with temperature variation? 


2.9 
2.10 


2.11 


Z.12 
Z.13 


2.14 


2.15 
2.16 


2.17 
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At constant current Jp, how does the diode voltage Vp vary with temperature? 
What parameters are different in Germanium and Silicon diodes? Give their typical 
values. 

Why do we say that the volt-ampere characteristics of an ideal diode resemble a 
ewitch? 

What is a load line? How is it drawn? How do we obtain the Quiescent point @? 
Under forward-biased conditions, how do the following parameters vary if the diode 
current is increased? 

(a) the resistance ry (b) diffusion capacitance Cp 

Why do we use DC model and AC model separately for the diode to determine its total 
current ip! 

Why does the depletion capacitance Cy decrease with the increase of reverse bias? 
Explain the physical mechanism which produces (a) avalanche breakdown, (b) zener 
breakdown. 

Draw a typical volt-ampere characteristics of a zener diode. Why is the knee on the 
curve so important? 


Assuming that the diodes in the given circuits [see Fig. 2.35(a) and (b)] are ideal, 
find the values of the labelled voltages and currents. 


[4ns. (a) = 1 mA, In, = 1 mA, Jp = 2 mA] 


+10¥V 


(a) (b) 
Fig. 2.35 Circuits for P2.1 


P2.3 


P2.6 


P2.7 


P2.8 
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A Silicon diode is operated at a constant forward voltage of 0.7 V. What is the ratio 
of the maximum to minimum current in the diode over a temperature range —55°C 
to +100°C, 


[Ans Divas! lnin = 46940] 


For a forward-biased p-n junction, find the diode voltage Vp at which the diode 
current J, assumes 290% of the maximum reverse saturation current at room tem- 
perature. 


[Ans, If 7 = 1 (ie, Ge), Vp = 34 mV; if 7 = 2 (ie. Si), Vp = 68 mV] 


Diseuss the dependence of dynamic resistance of a diode on temperature. If the 
reverse saturation current of a p-n junction diode is 1 pA at 300 K, find its dynamic 
resistance at 150 mV forward bias. 


[Ans rz = 62 0 Bia = 7.86 K for Si and 373 0 for Ge] 


An ideal Silicon Diode has a static resistance of 4.57 0 while conducting 43.8 mA 
at T= 300 K. Find the dynamic resistance of the diode for a forward voltage of 0.1 V. 


[dns. rz = 8.125 QO for Si and rz = 27.8 for Ge diodes] 


A diode is mounted on a chasis in such a manner that for each degree of tempera- 
ture rise above ambient, 0.1 mW is thermally transferred from the diode to its 
surroundings (The thermal resistance of the mechanical contact between the diode 
and its surroundings is 0.1 mW/C). The ambient temperature is 25°C. The diode 
temperature is not to be allowed to increase by more than 10°C above ambient. If 
the reverse saturation current is 5 pA at 25°C and increases at the rate of 0.07/°C, 
what is the maximum reverse-biasing voltage that can be maintained across the 
diode, 


R=1.5k0 


[4ns, V = 100 V reverse biased] 


Determine the current Ip and the diode volt- 
age Vp for the current shown in Fig. 2.36 with 
Von = 10 V, A = 1.5 kf Assume that the diode 
has a current of 1 mA at a voltage of 0.7 V, and 
that its voltage drop changes by 0.1 V for every 
decade change in current. 


(Ans. Ip = 6.1475 mA, Vp = 0.7788 V] 


(a) 


It is predicted that, for Ge, the reverse satu- 
ration current should increase by 0.11/°C. 
It is found experimentally in a particular 
diode that at reverse voltage of 10 V, the 
reverse saturation current is 5 wA and the 
temperature dependence is only 0.07/°C, 
Find the leakage resistance shunting the 
diode. 
[Hint: Equivalent circuit of Fig. 2.37(a) 1s 
shown in Fig. 2.37(b) with leakage resis- 10V 
tance (Ff) Fig. 2.37 (a) Circuit for P2.8 
(b) Equivalent circuit. 
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Use relations: 
l=Ip+ Ih 


—=—t [as Ip is independent of 7] 


[Ans. F = 5.5 MQ] 


P2.8 Reverse-biased diodes are frequently employed as electrically controlled variable 
eapacitors. The transition capacitance of an abrupt junction diode is 20 pF at 4 V. 
Compute the decrease in capacitance for a 1.0 V increase in bias. 


AgN ,N pe 1 
Ans. The result of Exa 2.16, ie., Cp = —— 4. . Increase of reverse 
| = ON, NAPE W 
voltage from 5 V to 6 V (reverse bias) decreases the transistor capacitance from 
20 pF to 18.25 pF) 


P2.10 The zero-voltage barrier height at an alloy-Germanium p-n junction is 0.2 V. The 
concentration N, of acceptor atoms in the p-side ie much smaller than the concen- 
tration of the donor atoms in the n-material and N, = 3 = 10°° atoms/m*. Calculate 
the width of the depletion layer for an applied reverse voltage of (a) 10 V (b) 0.1 V 
and (c) for a forward bias of 0.1 V (d) If the cross-sectional area of the diode 1 mm’, 
evaluate the space-charge capacitance corresponding to the values of applied voltage 
in (a) and (b). 

(Ane. (a) 7.75 pm; (b) 1.329 fm; (c) 0.767 pm; (d) 18.25 pF for (a); and 106 pF for (b)| 

P2.11 Prove that the reverse saturation current (Jc) in a p-n junction diode is given by 

D D 
I= ——F_ y i? 
saa ike TaN 


z=0 —* 1 
Fig. 2.38(a) 
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[Hint: For forward conduction of the diode, the total diode current 
Ip = IpnlO) + Jnp(O) 
rs 


| Pope 
=-AgD, <—(Pyoe”"* — paper | feo 
mdf} 


-zi iL 
the junction — 


Ip 


Fig. 2.38(b) 


=-AqD, S(Dgletol ~iye"!’ 


D, , VpiV¥; 
I,,(0)=+Ag Dag 7a at =1) 


[At x = 0, hole current direction is — az shown in Fig. 2.38(b)]| 
Similarly, we get: 
pl) = +Aqn,, ie -1) (electronic current <) 
Total diode current is, therefore, 
Ip =Ipy(0) + I,,(0) = Aqte’o! - | Paes + a 


P ui 


: w(e : ag -1) [From Ip =I5(e"?!"r—-1) 


Is = wlth + Pua) 
ri 


“ihe nit Bp iN! a. arene 
. no hd | ae 
L, Np Na, 


5 . 
ans rn? Ans, 
pate 2 


CHAPTER 


Applications of Diodes 


3.1 INTRODUCTION 


In Chapter 2 we have studied some important properties of p-n junction diodes, The diodes 
form a useful subset of passive components used in electronic circuits. Their property of 
conduction only when these are forward biased can be gainfully exploited for waveshaping 
as well as for other several applications. In this chapter, we shall discuss the following 
topics, where the diodes are used: 

4.1 Rectifiers—halfwave and fullwave rectifiers, Bridge rectifier, Rectifier meter. 

3.2 Capacitor filters used in Rectifier circuits. 

3.3 Voltage multiplier circuits—including voltage doubler, voltage tripler and voltage 

quadrupler etc. 

3.4 Zener voltage regulator. 

3.5 Clipping and clamping circuits. 

The chapter contains a large number of solved examples. The difficult problems are 
provided with hints. 


3.2 RECTIFIERS 


A rectifier is a circuit which converts AC voltage to DC voltage. In a large number of 
electronic/electrical circuits, we require DC voltage for operation. We can convert AC voltage 
to DC voltage by using diodes. The diode may be a p-n junction (for small currents) or a 
valve type (for large currents). We shall, however, use p-n junction diodes in circuits dis- 
cussed in this chapter. 


o7 
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3.2.1 Half-wave Rectifier 
We know that the approximate model of a diode is as given below: 


+ = V, R, = 
}—— Avy 
A B 
lp 
(a) E> V, 
o——o o_o 
A ——s B 
I,=0 
hh) E<V, 


Fig. 3.1 ON/OFF property of a diode (a) diode D is ON (conducts) for E greater than V, 
(b) diode D is OFF (open circuit) for EF less tnan V,. 


Suppose that a supply voltage E is applied across the diode D through a resistor RF, as 
shown in Fig. 3.1. The diode D is supposed to have cut-in voltage V, implying that when 
voltage E is greater than V,, D will conduct as shown in Fig. 3.1(a). In this case the diode 
D is replaced by a voltage source in series with forward conducting diode resistance (= 2). 
Voltage Vaz in Fig. 3.1(a) is approximately V, Note that V,= 0.7 V for Silicon diodes and 
V,= 0.3 V for Germanium diodes. When diode D conducts (Fig. 3.1(a)], the diode current 
Ip 15 given by 
E-V 
I, =—— ; 
D“R+R, a 

Thus, if R; << R, Ip = (E — V,\/R. The resistor F acts as a safety against passage of high 
current through the diode (because if F = 0 and Ry is very very small, J, = (E — V,WR; may 
be very high which may damage the diode D). 

On the other hand, if F is less than V,, diode D cannot conduct. Its equivalent circuit 
is shown in Fig. 3.1(b), with Jp = 0 and Vaz = &. 

Now, consider a half-wave rectifier circuit shown in Fig. 3.2(a), Le., a diode D supplied 
by an AC voltage v, and load resistance A, in series with D and v, Let 


Uy = Vines SIN at 


We assume V, = 0 and RA, = 0 here for simplicity. When diode D is ON then 
' Vinax Sin ax 
ss i ae nee a. 
ag R, (3.2) 


The current i has half cycles in the range 0 to = 2to 32 and so on, 1.e., for generic angle 
range (2ka) = at s (2k + ljz. The Fourier analysis of the current i is given by 


Fig. 3.2 (a) Half-wave rectifier, (b) Current and voltage waveforms. 


i= dy +>’ (a, cos nat +b, sin nat) Vion (3.9) 
A=] Ry, 
where 


1p. Lr. 
a,=—— | sina dé, a, =— |. sin @.cos né dé 
(3.4) 
b, == [sind .sin no do 
a #0 


It may be seen that ay when calculated by Eq. 3.4 comes out to be L/m. Clearly, the 


average value of the current i is (Yast) , since the AC components in the summation sign 
L 

on RHS of Eq. (3.3) have zero average values. It is, therefore, important to note that the 

average value of the output current ¢ in the load resistor Ay is not zero (but is equal to Va. 

af,) though the average value of the input voltage v, is zero. This is the basis of the rectifier 

circuit whereby we aim at obtaining a DC voltage and DC current (which have non-zero 

average values), from AC voltage (which has zero average value). 

Now we consider the circuit of a half-wave rectifier using a non-ideal diode (i.e, V,# 0 
and Ry # 0), as shown in Fig. 3.3. To make calculations easy, we first take the case of diode 
having V, = 0 but R; 2 0 for simplicity. We shall take V, # 0 and also R; # 0 after discussing 
the operation of full-wave rectifier. 

Let v; = Input sinusoidal voltage = V,,,, sin wt, i.e., peak value = V,,, 

Vy = Cut-in voltage, say, zero here 
D = Ideal diode 
R; = Forward resistance of diode when D is ON (R; # 0) 


During conduction of the diode 


ok, ae - Vmax (3.5) 
; R, +R, a Frnax Ry, +R, 
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Shale Osasix (3.6) 


0, Fsaslnt 


where @= ati. a 


#3 


(b) (ec) 


Fig. 3.3 (a) Basic half-wave rectifier, (b) Transformer O/P sinusoidal voltage, 
(c) Diode and load current i. 


A DC ammeter constructed to read the average current passing through it would read 


ope. 
I, = Average of i ==], ida (3.7) 


lif; « 2 
“If, Tgax sin dar + | (dal (- £=0, for ws as 2x) 


I I 
= mee, | = mee 
ar [ _ af, # 
I= oa. for half-wave rectifier (3.8) 
Output voltage Vy. = ft, = Juke, (3.9) 


r 


Diode Voltage: The average of v must be found, to find the reading of a DC voltmeter 
placed across the diode D with polarity as shown in Fig. 3.4. 
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Model diode (V,= 0.7 V) 
Practical diode ip =I, 6°" 


i=0 
a : v= V,,, sin @, 
A Fos I Sas in 
u = (Fees Sin a) Hy 
OSasn 


Fig. 3.3 (d) Voltage v across the diode during conduction (a = 0 to x) and non-conduction 
(a = x to 2m) and (e) Equivalent circuit when Diode is ON, (f) Equivalent circuit when 

Diode is OFF. 
We can write the voltage v across the diode (assuming an ideal diode with V, = 0) as: 


nee Sin aR, OSase (D conducts) 
b= 
Vinax Sin &, xSasan (D OFF) 


Average DC voltage across the diode, defined as Vj, is, therefore, given by 


AF 
Vi, -—f, wt) da 


“2 Tmax R,sina)da+ | an sina da| 
{Fa 


R, [- cos a} + Vinax [- cos af*} 


[Tmax Fey (1 +1) — Vinay (1 +0) 


r = ih 


; 


max Jey = View! 


al ale 


¥, 
RR, -] A, +R, } = J = ——_ 
[Trax f max 4 ft my f max nee 


=- me Fu, [from Eq. (3.5)] 


R, 


Thus, Average DC voltage across diode V4. =— 
(3.10) 
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This result is obvious because average DC voltage around the complete circuit is zero 
(average of v; = Vinay SiN @ is zero). 
AC Current (Voltage): We note that the output current i (and voltage if,) is not a pure DC. 
It contains a non-zero DC value plus ac components as given by Fourier analysis (see Eq. 
3.4). We wish to determine the root-mean square (rms) value of such a current i and that 
of voltage v. A root-mean-square current is defined as: 


1 le ‘ 1d 
lems =( 3 f i da] » B= Tyg BIN OF (3.11) 


and a root mean square voltage is defined as: 
1 ra 1/2 
Ve =(3% ff v* da) , v=V,,, sing (3.12) 


For input voltage, 
vo; = Vinx Sin @& 


ies 1/2 
Then Vins = (2 [ Yaan ada) 
iecrs 12 
= =f, “oe (1 ~ os 22) 
: 2 
- J Vinx an 2a 
2x 2 
g ile 
=| Vmax 
CF) 
V, : ee 
Vis = a =e for a sinusoidal input voltage (3.13) 


(This is a well known result for a pure sine wave voltage) 
For output current, as given by Eq. (3.6) for half-wave rectifier 


_ |i Sina, OSes 
~ 10, Esas2a 


hn 
bmg, 
E" 
ee | mt 
ea 
LJ 


~ fo for half-wave rectifiers (3.14) 


Chapter 3 Applications of Diodes 103 


Regulation: The variation of DC output voltage as a function of DC load is called the 
regulation. The percentage regulation is defined as: 


are | 
% regulation = 02st bat 100 (3.15) 
Vical 


‘No load’ refers to zero load current and ‘load’ refers to normal load current. For an ideal 
power supply, the output voltage is independent of the load, i.e., its regulation is zero 
percent. For the case of half-wave rectifier if we assume V,= 0, then 


I Vir 
I. =m =e 34 
deg Ry +R, (3.16) 
and Vicad = laeHt 
es 1 m8 
r Ry +R, 


— imax. yr 
x R, +R, 


iL 
Thus, the Vj,,q voltage varies with variation of load current J,. due to the presence of 
resistance R, Had FR; been zero, V\,,4 would have remained constant at V.../m and the 
resultant DC voltage source would have performed like an ideal voltage source. However, 
due to the presence of R,, the output voltage V),,q decreases for higher load currents. 
Equation (3.17) shows that we can model it as a Thevenin's equivalent power supply as 
shown in Fig. 3.4. 


= 


See ett Pe ee | eee 


ee ee ee 


Thevenin's equivalent 


Fig. 3.4 The Thevenin's equivalent of a power supply used to determine the load 
voltage and the current for the half-wave rectifier. V, represents source 
DC voltage and Ay the source output resistance. 
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In practice, the resistance Ap should include the resistance Ay as well as the secondary 
winding resistance of the transformer, i.e. 
Ry = Ry +R, 
where FR, = Diode forward resistance 
R, = Secondary winding's resistance. 


3.2.2 A Full-wave Rectifier 


A full-wave rectifier comprises two half-wave rectifiers as shown in Fig. 3.5. Conduction 
takes place through one diode during one half of the power cycle and through the other 
during the second half of the cycle. 


(a) ) 


Fig. 3.5 (a) A full-wave rectifier circuit, (b) The diode currents i, and i, and the load 
current . The output voltage v, = LR, 


Note that when v = V,, sin @is positive, diode D, is ON and Dy is OFF and 1, flows for 
a@=0 to «= and i, = 0. Similarly, when v = V,, sin @ is negative, diode D, is OFF and D, 
is ON, i; = 0 and iy flows for a = to 2m. The current i, and i, are shown in Fig. 3.5(b). Both 
the currents i, and i, flow through the load resistance R,, hence i = i, + i, as shown in 


Fig. 3.5(b). 


Load current 1 = I, + ly (3.18) 
and Average of i = Average of 1, + Average of 1, 
I I 20 
I,, = Ee. + -D . — (3.19) 
r x x 
where | Vina 
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j,=—™ * 
- x 
ar 
and Vioad =I, -Hy, = mas Ry, (3.20) 
i 
where loos = Vmax _ (3.20a) 
oe (Ry + R, ] 
I 
Clearly, Ja = “i (3.20b) 


The DC output voltage of a full-wave rectifier is twice that of the half-wave circuit. If we 
assume V',= 0 then 


QR er 
tan (te 
oe Vina 
a (Ry, +R,) 


a J = Vinax 
(ME Ry + Ry 


Vmax Vin Ry 
‘a 


x Ry +R, 
Vex = 

= . “x Fnaxtty Fig. 3.6 The Thevenin'’s equivalent of a power 
supply used to determine the load voltage 
_ oY ee -1,,F Views and the current for the full-wave 
Kr f rectifier. V, represents the source DC 

oy voltage and A, its output resistance. 

Vioad =e ~ Lack (3.21) 


The equivalent Thevenin's circuit is shown in Fig. 3.6. If we do not ignore transformer 
secondary winding resistance (Rg), then we replace A; by (AR; + Rg) in Eq. (3.21). Note that 
Rg is secondary winding resistance of half secondary part of the transformer since at one 
time only one diode is ON causing conduction current in half part of the secondary winding. 
As for the half wave rectifier case, the regulation is improved if A, is lower. 


ir EXAMPLE 3.1 


Show that the maximum DC output power P,. = V,/y, in a half-wave single phase circuit 
occurs when the load resistance equals the diode resistance Ry 


Solution For half-wave rectifier Thevenin's equivalent shown in Fig. 3.7: 


V, 
I. = —in__. 
ag mR, +R.) 
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vy? 

—_ms RP 

r(R, +R, 


To have Py, maximum, if we vary, say R,, keeping R; 
constant we let 


P,, = 17, Ry = 


dP xe 4g 
ay, 
Fig. 3.7 Equivalent circuit, Ex. 3.1. 
re dP, _ (Ving, )1.(Rp +R, - Ry XR, + Ry) Vue = Veeaglit here. 
dR, x (Ry +R) 


(Ry op R,Y _ 2R, (Ry of Ry) 
i.@., Ry + Ry = 2F, 
+n R, = Ry Ans, 


Note: The answer is obvious if we use Maximum Power Transfer Theorem. For full-wave 
rectifiers too, the same condition holds true. 


Effect of cut-in voltage V,: If the effect of cut-in voltage V, is not ignored, we may represent 
such a non-ideal diode by A, in series with V, in series with ideal diode as shown in Fig. 3.8. 
Here, the conduction commence, when @ = 6, (6, is called the ignition angle): 


Vy = Vina Sin & 
¥ 
= r 
sin & = Vous 
The extinction results at 6 such that 6, = = — 9, (due to symmetry in Fig. 3.8b) 
Vv. 
Thus, Ignition angle 6, =sin™ = (3.222) 
Tak 
Extinction angle @, = 7 — 4, (3.22b) 


The average current J, is found to be (see Example 3.2) 


¥, & - 26, V ; 
= ae _ = ———t z 
lite oh, « 7 hehe +R, (half-wave rectifier) (3.23) 
av" ® ~ 26, V : 
l,. =—__a__ = a} : 
dle xR +R) : +h (full-wave rectifier) (3.24) 
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Ideal 
R, V, diode 


Fig. 3.8 (a) Equivalent circuit of a rectifier. The diode is represented by its large-signal model 
parameters, R;, V, and an ideal diode. (b) The waveforms for the input voltage v, and 
load current i, the ignition angle is 6, and extinction angle is 4. 


EXAMPLE 3.2 


Verify Eqs. (3.23) and (3.24). 
Solution Clearly, 


ald 
0, a, * 
(a) vt) = V,, sin ot (b) 6, = #- 8, 
Fig. 3.9 (a) Equivalent circuit of a rectifier (b) Waveforms v, and 1, for Ex. 3.2 (half- 
wave rectifier). 
(a) Half-wave rectifier 
During conduction 
bs (uy; = V,) 


(Ry +R,) 
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(V,, sin wt —V,) ee 
it)=| (Ry +R) ce Sgr 
0, otherwise, (for half-wave rectifier case) 


Then average current is given by 


a, ax : 
lan = 5 Ir i(t)d(t) 


1 1 0, 

ot V,, sin wt — Vid (et 
Qn R, +R, Ih aa ) 
1 1 

=——— |-¥ 
2e Ry +R, [- cos wt | % aE mei RD” ieee 

¥, 

Spa heel Lae oe Wee 

20(R-+R,) 2a(R, + Rp) 
comes ae ee (#- 28) Ve 
Therefore, Eq. (3.23) is verified. Q.E.D. 


(Note. Q.E.D. = Quod Erat Demonstrandum which is a Latin abbreviation meaning “which 
was to be proved”.] 


(b) Full-wave Rectifier 


Figure 3.%c) shows the circuit of a full-wave rectifier. Fig. 3.9(d) shows the waveform of 
input voltage vj = Vinay 51n wt and the conduction current i = [) + fs. 


AC 
input 


a, = x, 

&,=n+ 6, (d) 

6, = 2— 6, 

1, = (V,,- VR, 

Fig. 3.9 (c) A full-wave rectifier, (d) Diode current, i, and is, vg = if, for Ex. 3.2 (full- 
wave rectifier). 
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(V, sin wt —V,) 
(Rp +R)" please 
[V,,, sin (at - r)-V,] 
(Ry, + Ry) : 


ce fae = Average of iff) over wt = 0 to 2x 


Here ilt)= 
A, < ots 4, 


Qe 
- i I, it) det 


#-H, af-f 
; I (Vq sinat -V,)d at) + | , Mm sintwt ~ 2) ~V, | aor) 


~ Bat, +R) (Ja 
a {-¥. coswt -V,(at)}" * +{-V,, cos(wt - x)-V,(at) Bas 
aah, + Rr) = F etal vl F Pree rs. 
1 
ee eee = = =) = 
nae say ee ee ee 
1 
"Meh Se 
™ a(R, + Az) a Ry + Ry, 


Hence Eq. (3.24) is proved. 


Peak inverse voltage (PIV): For each rectifier circuit, there is a maximum voltage to which 
the diode can be subjected. This potential is called peak inverse voltage (PIV). It occurs 
during that part of the cycle when the diode is non-conducting. 

For a half-wave rectifier (see Fig. 3.3) the PIV is clearly V,,,. When D is OFF and v; 
is —Vinax, diode D has reverse voltage applied acrogs to it is Vings- . 

For a full-wave rectifier (see Fig. 3.10), when D, is conducting and D, is OFF, assume 
Ry — 0. Hence we may short D). 

Potential V4 = Vp = V,.2,; and Potential Vg = -Viux 

me Vago = 2V¥ nox 

When Vopg it Ving then diode D, has PIV of 2V,,,,. In a full-wave circuit, the peak 
inverse voltage across each diode is twice the maximum transformer voltage measured from 
midpoint to either end, ie., PIV = 2V,,,, in Fig. 3.10. For safe operation of diodes so that 
these do not puncture at peak inverse voltage, we must choose a diode having PIV higher 
than the circuit produces in the rectifiers. The value of PIV is usually indicated in the data 
sheet of the diode. : 


-V, +V, 
Fig. 3.10 Full-wave rectifier D, is ON, D, is OFF. Voltage across Dy, is 2V,,,,. (PIV) 


We have assumed V,= 0 and R,= 0. When D, is short (due to conduction) 
Va = Vp = +¥inax _ Also, D, is OFF (no conduction), hence Vig = —Vines 


$.2.3 Other Full-wave Rectifiers 


Besides two-diode rectifier discussed earlier, there are a variety of other rectifiers. Also, 
there are several types of voltage doubling and various types of voltage-multiplying circuits. 
Bridge circuit (a full-wave rectifier) is very popular and is used in power circuits. It also can 
be used in AC meters when the AC signal contains a fairly wide range of frequencies. 


The bridge rectifier: Here we use 4 diodes D,, Dz, D; and D,, as shown in Fig. 3.11. Each 
one has the same cut-in voltage V, and the same forward resistance A, Here two diodes, 
say D, and Ds (or D, and D,) conduct simultaneously. Let Vag be +ve and greater than 2V, 
then the current i, is given by (solid lines) 


Pept ctf PAO petal J (3.25) 
2K, + Ry, 2K, + R, 


Similarly, when Vag is negative (i.e., point A is —ve w.r.t. B), and Vea greater than 2V. 
then the current i, is given by (broken lines) 


em ge 4 as (3.26) 
2K, + Ry, 2K, + Ft, 


Figure 3. 12 shows the input voltage va, (= V,,,, sin et) and the currents i, and iy. Note 
that i, and i, are AC, half cycle currents, each being equal if we assume all the diodes D,, 
Ds, Ds and D, identical. These currents are +ve and —ve implying that they flow in the 
opposite directions as far as the transformer winding AB is concerned. However, they flow 
in the same directions in the load Z, as seen in Fig. 3.11 and redrawn in Fig. 3.13. 


“It is now clear that the currents flowing in the load 2Z,, though half cycles shape, have 
a DC average as shown in the following calculations. 


Calculation of Iy, in a bridge 
rectifier: The derivation of J;. here is 
similar as was for the case of full-wave 
rectifier (see Example 3.2). This is so 
because the current i shown in Fig. 3.13 
for the bridge rectifier resembles the 
current | in Fig. 3.5(b) for the full-wave 
rectifier. [only @ has been taken zero 
in Fig. 3.5(b)]. 
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Fig. 3.11 A full-wave bridge rectifier solid line current when Vy, is positive, 
broken line current when Vy, is negative. 


v= V_, since 


Fig. 3.12 Voltage v = V_,, sina and currents i, and i, flowing through 
dD, Ds, and Ds, D,. 


ae = Average of (= i, + i) from 


m= Oto of = 29 
= Average of 1, only for at=0 ic tie ed ee athe aa prerae 
to @i=_m (i, = ty in shape) for the case of a bridge rectifier. 
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The conduction in diodes D, and Dj requires that the value of input voltage v must be 
greater than 2V, Also, during conduction of D, and D5. 2R; resistance of these two diodes 
is in the path of current 1,. Hence we can write 
At 0, u= 2V, 

Vinax Sin 8, = 2V, 


or 4, = sin”! bid 8 (3.27) 


—_ Vinax Sin wt — 2V,, 
2k; + R, 2R; + R, 

During the one cycle period (i.e. at = 0 to 22), each current i, and iz contributes the 
same value of average de current. Hence, we can say average of i = average of (i, + ig) = Z 
x average of i,. Hence we can write 


“1 pra, 
or ty == I, i, d (at) 


8 
-————__— Vax Si -2V t 
~ TR) I; (Vinax Sinant — 2V,) det) 


i.e. a ae cost ~ 2V,(art) |” 


aR + Ry) 
-—+ __[w,,,,, cos, - 2V,( - 28,)] 
m2h, + Fi.) af 
a 2Vinax COSA, 2V (ar — 28) 
m2H,+R,) a(2k, + Ry) 

Note that if we change R; to 2R; and V, to 2V, in Eq. (3.24) of full-wave rectifier case, 
we readily obtain the above value of Jj, given in Eq. (3.28) for the bridge rectifier. This is 
understandable, because whenever current £, or iz flows in the bridge rectifier, there are 
two diodes in series (either D,, Ds or Dy, Dy) instead of one diode as is in the case of full- 
wave rectifier. Also here @ = sin (2V,/Vna,) and it was sin~ (V,/V,..x) is full-wave rectifier 
discussed earlier. 

Advantages of bridge rectifier over the full-wave rectifier: 
1. There is no need of centre tapped transformer as the full secondary winding is in use 
for each current i, and &. 
2. The transformer needed here is lighter in weight, as its secondary winding is half the 
size of secondary winding of the full-wave rectifier case. 
3. The peak inverse voltage (PIV) of each diode used here is only V,,,, and (not 2V,,,, a3 


was for the case of full-wave rectifier). Thus, the diodes D,, Ds, D3 and D, are less 
expensive (compared to the diodes D, and D, of the full-wave rectifier). 


(3.28) 
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4, Even if two diodes either D,, D, or Dy, D, become defective, the bridge rectifier continues 
to act as a rectifier with the remaining two diodes, though a half-wave type. In case 
of full-wave rectifier if one diode open circuits, the rectifier functions as a half-wave 
rectifier, but if both its diodes D, and D, become defective it totally fails. 


Disadvantages of a bridge rectifier 
1. It is costlier as compared to the two-diode type full-wave rectifier as it requires 4 diodes. 


2. The four diodes must all be identical (same V, and #,). If one diode fails, one may not 
be able to procure a similar one, it might become necessary to replace all the four diodes. 


Ripple Factor (r): It is seen that for rectification, we convert AC voltage to series of 
unidirectional half cycles, such as shown in Fig. 3.3(c) (where alternate half cycle of 
current i is zero) or Fig. 3.5(b) (where each -ve half cycle has been converted into +ve half 
cycle). Thereafter, we calculate the value of DC current as the average of such unidirectional 
(usually all +ve) half cycles of current. In practice, the unidirectional half cycles contain, 
besides the DC value, (which we call DC) many harmonics. We determine the amplitudes 
of such harmonics by Fourier analysis by using formulas similar to indicated by Eq. (3.3) 
and Eq. (3.4). The rms values of such ripples/haxmonics indicate how much impure the 
output DC value is. If there are no harmonics in the output, the average value of the 
output is purely DC and is ripple free. However, if there are harmonic contents in the 
output (as is the usual case), the output is not a pure DC but DC + unwanted ripples. 


In many applications, a residual pulsation in the output DC is not desirable. A measure 
of the purity of the DC output iz called the ripple factor r, and is defined as: 


Tms value of AC component 


Ri fi ,_ ra 
vinlaalicachaies Average value of wave 


(3.29) 


We may write 


p= some _: — ‘rms 


where I, and V",,,, denote the rms values of the AC components of the current and 
voltage, respectively. As the instantaneous AC component (1.c., ripple current) of the current 
is given by 


st ee OE = —— 1 a , 
P=i- ty. (ta = Average of I ==], idat)) (3.30) 
ae ee al , 
(I maa) =— | (i-14,¥ d(at) 


rey 
== , OP = Bly, +13.) dat) 
wre 


=]? -21,1,4+2 (. 2 fideo =r 
m= “cma de* or oc i Oy o de 


=(ta?| fe —1] 


Tie 
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I F: 
Feta) 2 


; Fi 
plies. ia 4 (3.31) 


For half-wave rectifier 


— Pa (" current is zero during half-wave) 


ae 
2 
oa ) ~1 5 (1.57) -1=1.21 (3.32) 


For half-wave rectifiers, the ripple voltage exceeds the DC output voltage. Hence half- 
wave rectifier is a poor circuit for conversion of AC to DC. 


For full-wave rectifier 


r= a.1107" -1 =,/0.2337 = 0.483 (3.33) 


Thus, for the full-wave rectifier, the ripple factor drops from 1.21 (half-wave rectifier) to 
0.483. 


Rectifier efficiency (n,): Rectifier efficiency 7, is a figure used as a measure of merit to 
compare the rectifiers. n. is defined as: 


= DC power delivered to the load (3.34) 
AC input power from transformer secondary . 
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For full-wave rectifier 


9 2 
Pa = 13, R, -(2 Inas Ry, 


oo 
= 


~ 7g? 14(R;/R,) 


=5 =0,8105 for R; + 0 


x 
For half-wave rectifier 


la = Joan, P,, = (Uae Rp = Umax! #R, 

Pa 

1 fe 
Pee = 5 Pec tabwerec = 5 (| (Ry + Fy) 

Tyna PR, 

Mfloa | 
3 (oe) (Fr + Be) 
4 1 4 


© U+R/R,) © 
1 
tm, hee, 


EXAMPLE 4.3 


= for R, +0 


ware Pact. 
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(3.35) 


(3.36) 


(3.37) 


The efficiency of rectification 7, is defined as the rates of the DC output power, Py, = Val. 


the input power P, = ['"», id 
to inpu power P= | vide. 


(a) Show that, for the half-wave rectifier circuit, 


7, = 108 
"14(R//R,) 


(b) Show that, for the full-wave rectifier, 7, has twice the value given in part (a). 
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Solution 


2 
(a) Ps. = ij L (7m) Ry, (for half-wave rectifier) 


4 = ite (Kean tt") Ry 
" PB (I, /4 Ry + Ry) 


= (0.40628) 1+(R,/R,) 


40.628 
= —_— % .E.D. 
1+ (Ry/ R;,) Q 


(b) Here, for full-wave rectifier 


2 
2 
=I | Rr 
ae ee eee ee ee 
P,. (5,,/2XR,+R,) #7 (Ry +R,) 


=(0.816)—"t _=__818 _ ang 


Ry+R, 1+(R,/R,) 
Hence 7. is twice the value found is part (a). 


| | EXAMPLE 3.4 
A two-diode type full-wave rectifier is inputted D, (R,= 10, V,=0) 
from the secondary winding of the transformer 
giving 40-0-40 V_.,. Each diode has forward 
conducting resistance Ry = 1 £2 and assume V, 
= 0. The load resistance is 29 0 (see Fig. 3.14). 
Determine: 

(a) DC load current I. 

(b) DC power in load Py, 

(c) Rectification efficiency 7 

(d) percentage regulation D, (Ry = 10, V,= 0) 

fe) PIV of each diode. 


Fig. 3.14 The circuit of the rectifier, 
in Ex. 3.4. 
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Solution Here v = (V2 -40)sin at 
Vina = 40/2 = 56.57 V 


a 
(Ry + Ry) 


— 56.75 _) ps56 A 


1+29 
(fa) J, == Ipax = = (1.8856) =1.200 A Ans. 


(b) P,, =13.R, = (1.200)? x 29 = 41.789 W Ans. 


F 
= 
(c) P.. 
Here P ~—Voe 20 = 63.538 W 
al (Ry + Ry) 1429 


_ 41,789 
53.33 


=0.7836=78.36% Ans. 


(Check, 7 = si9/ (1 + aa = 81.6/ (1 + | = 78.88% , almost same as above value) 
E 


(d) The equivalent (Thevenin) circuit of the rectifier is shown in Fig. 3.15 


R=10 


2 
aM 


max 


év,, 


Fig. 3.15 Thevenin equivalent circuit of Ex. 3.4. 


Vip = =x VB x 40 = 36.013 V (: Vira = V2 « 40) 


Fea = Tag = 1.200 A 
Viead = Vae = 29 x 1.200 = 34.8 V 
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v -V_, ** 
Now, Regulation =—2_—_sd— 
Vicad 
_ 36.013 -34.8 
34.8 


(Had we defined regulation by (Woo waa — View Vaio aa WE Would have obtained 
regulation = (36.013 — 34.8V36.013 = 3.36%) 


te) PIV = 2V ie, in the case for each diode 
= 2 56.57 = 113.14 V. Ana, 


=3.48% Ans. 


2 i 

Note: Ripple factor = (Gx) 4] 
Tae 

V 40 4 

H | = = =— A 
sa (Ry+R,) (+29) 3 

Tue = 1.2 A (from (a)) 
: 4/3" | 
Ripple factor = ie -1 = 0.483 = 48.3% as expected, for a full-wave rectifier. 


fu EXAMPLE 3.5 


A full-wave Bridge rectifier with 120 V-rms sinusoidal input has a load resistor of 1 ki. 


(a) If Silicon diodes are employed, what’is the DC voltage available at the load? 
(b) Determine the required PIV rating of each diode. 
(c) Find the maximum current through each diode during conduction. 
{d) What is the required power rating of each diode? 
Assume V,= 0.7 V, and A, = 0 


Solution For Silicon diodes, v= O.7 ¥. 
(a) Vinnx = V2 Ving = ¥2 *120=169.7V 


a (Views —2%0.7) (169.7-2 0.7) 


2 9 
I, =—TI =— x 168.3 =107.14 mA 
de 7, me a 


= 168.3 mA 


V,, 214, =107.14%1=107.14V Ans. 


R 
**Or directly % regulation = = «100 = = x 100 = 3.448%. 
L 
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(b) PIV rating = Via, = 169.7 V Ams. 
(c) Maximum current through diode = J,,, = 168.9 mA Ans. 
(d) Diode power rating P,,.=Volpe., (where Vp = V,= 0.7 V here) 
= 0.7 ~ 168.3 = 117.81 mW Ans. 


Note: sect Output power 7 Vif a. 
Input power Vig «inns 


4 
_ 107. 14 x (107.14 x10™) _ 0.8038 = 80.4% 
120 * (168 3/J2)x 10" 


(This is the ideal value of efficiency when A; = 0) 
Input ac power = Vong % Inns = 120% (168.3/V2) mW 


Vi. _ 07.147 


Qutput DC power = = 
. Rk, 10° 


= (107.14) x (107.14) mW 


f ; 
| — 107.14 x 107.14 


Power dissipated in 4 diodes = ( 


= 14280.73 — 11478.98 = 2801.75 mW 
Power dissipated (average) in each diode = 700.44 mW 


EXAMPLE 3.6 


A centre-tapped full-wave rectifier has 
A, = 1 kQ Each diode has a forward 
bias dynamic resistance rz, = 10 0. The 
voltage across half the secondary 
winding is 220 sin 314f. Find (a) Peak 
value of current, (b) DC value of current, 
(c) Ripple factor, (d) Rectification 
efficiency. 


Dy (r= 10M) 


Solution Given data is (see Fig. 3.16) 


R, = 1kQ, ”s 
Fig. 3.16 Circuit diagram for Ex. 3.6 
rq = 10 2, . on 


= 2230 sin 314i 
Gj) Peak value of current J. = Vinax 
rp +R, . 
220 


-—"")_- 92178 A Ans. 
10 + 1000 os 
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(ii) DC value of current J, of on 
‘i 


2 


Tae 


(for a full-wave rectifier) 


=—x0.2178 = 0.13866 A Ans. 
ri 


a 2 
(iii) Ripple factor = (Ge -| (From Eg. 3.31) 


exe} 


tz 
2178 \ 
“[(Q288) da[) = 0400 = soo ane 


0.13866 


(iv) Rectification efficiency 7 = a : 


= 2 
2 z 
I F. ¥ 
“max | jyy-0) — 
ealara 
_ 8 1 _ 8 
ee | 7 
fe [1+ Ze.) € (1 
R,, 


eee 


Tie Ry, 
(Zasax/-V2) (rg +p) 


0.61 _ 902% Ans. 


3.2.4 The Rectifier Meter 


This is a bridge rectifier system where no transformer is required. The voltage to be measured 
is applied through a limiting resistor # to two corners of the bridge. 


A DC millimeter reads current 
through it. This is an average current. 
The meter is, however, scaled/calibrated 
to indicate rms values of a sinusoidal 
voltage applied to the input points. Thus 
this instrument will not read correctly 
when used with waveforms containing 
appreciable harmonics. 


When point A is +ve w.r.t. point B, 
the diodes D; and D, conduct producing 
eurrent shown upward in Fig. 3.17 when 
point A is —ve w.r.t. point B, then diodes 


Fig. 3.17 The rectifier voltmeter. 
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D, and D, conduct causing a current again in the same direction in the DC ammeter. In case 
of an AC input voltage across AB, J). is calculated as in the case of bridge rectifier. If the 
input voltage has several harmonics, each frequency content of the input voltage causes its 
own DC current part. The overall addition of all such DC currents may not represent the 
actual rms value of the input signal. Anyway, this meter is an inexpensive and robust 
voltage measuring device. By shunting the ammeter appropriately, the measurement volt- 
age range can be earlier in creased. 


EXAMPLE 3.7 


A 1mA DC meter whose resistance is 10 9 is calibrated to read rms volts when used in a 
bridge circuit with semiconductor diodes. The effective resistance of each element may be 
considered to be zero in the forward direction and infinite in the reverse direction. The 
sinusoidal input voltage is applied in series with a 5-K resistance. What is the full-scale 
reading of this meter. 


Solution Let the input voltage be 


(2 Vine) Sin ot = Vings Sin ant 


: : : U u Vas Sint 
= = et > Le 
Then during conduction lac R,+R,  R, R, 


ee ee 


ee R, 5000+10 
(Here “RF,” = 5000 + 10 ie. the total resistance in the current conduction path) 


DC current, J,. eer 
x 


= 2 92 Vim 
a 6010 
For full-scale reading, V,,,, is such that [,. = 1 mA. 


(ie. the given maximum current allowed in the ammeter) 


= VV ine =10°%  (i.e., 1 mA current in the DC ammeter) 


s x 65010 
= 6010 
+ ee 
= 5.5647 V 


The full-scale deflection (when meter passes 1 mA) corresponds to 5.5647 rms voltage 
values. Aps. 
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EXAMPLE 3.8 


A5 mA DC ammeter whose resistance is 40 0) is calibrated to read rms volts when used 
in bridge circuit with semiconductor diodes. Assuming ideal diodes, what is full-scale read- 
ing of this meter for the sinusoidal input voltage applied in series with a 20 kf? resistance. 


Solution The maximum (safe) current through the DC ammeter is 5 mA. Let the maximum 
voltage causing Ip = 5 mA be Vins 


Venax = V2 Virus 


But Sng a 


~ (20,000 + 40) 


2 
(V2 Viena) X= 


“3 _ 
6x10" = z 


gril 
or V_. =(6x107 = 20040) x — 
= 2 Jf 


= 111.294 V 


Thus, the full-scale deflection of the 
5 mA DC ammeter is 111.294 rms value Fig. 3.18 The circuit showing metering 
of the input AC voltage. Ans. arrangement of Ex. 3.8. 


3.2.5 A Note on Charging and Discharging of a Capacitor 


Charging of Capacitor: If the capacitor C is initially uncharged, ie., Ve = 0 at ¢ = 0 and 
we close the switch K at ¢ = 0 (see Fig. 3.19), then we can prove that: 
Voltage across C at any time ft, Ve = Vil = eFC) (3.38) 
Voltage across Ro at any time t, Ve, = V—- Ve = Ve®®e (3.38) 
Asi +o, V- — Vand Vp — 0, ie., current I, 3 0. 


RC is called the time constant, and 
usually denoted by ct If AC is very very small, 
Ve assumes voltage V in a very small time. 

If the capacitor C holds an initial charge 
Veo at ¢ = 0 then after switch K is closed, the 
values of Ve and Vp are: 


Ve =Voo +(V - Veo KL -e t/*") 


(3.39a) —— 
Vp =V -Vo =(V -Vey et Fig. 3.19 Charging of capacitor C. 
(3.39b) 
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Discharging of capacitor: Let the capacitor 
C be initially charged to voltage Veo, and at i 
time ¢ = 0, the switch & is closed (see Fig. ! 
3.20). Then the value of V- and Vp at any 
time ¢ is given by 


Ve = Vag ot! RC (3.40a) 


Va = — Ve =—Vap o tRC (3.40b) 


If the time constant AC is very small, 
Vr — 0 in a very small time (because 


Fig. 3.20 Discharging of capacitor C. At 
t= 0, Ve = Veo (initial charge 


=/ RC voltage) 
€ a decays very fast). Be 


If the time constant AC is very large, V- = Veo for quite some time and only after large 
time ¢, V- comes below Veo substantially. The time constant AC can be made very very 
small if A is very small (as in case of forward conducting diode, where we shall see that # 
= Rj. 80 to charge C at a very fast rate we should have small value of R. Similarly, to 
discharge C slowly we should have large value of FR. 


3.3 CAPACITOR FILTERS 


We have seen that the output from the rectifiers is not pure DC but half cycles, alternate 
half cycles for single phase half-wave rectifier and all half cycles (made +ve, 1.e., rectified) 
in the case of full-wave rectifiers. The average of such half cycles is of course DC, but there 
are large number of ripples too. The DC supply voltages with ripples is not useful for driving 
many types of electronic devices. The circuit for battery chargers may have ripples with not 
ao serious effects. But for some sophisticated electronic gadgets such as radio, tape recorder, 
TV or computer, pulsating (full of ripples) DC supplies are not acceptable. We need circuits 
to amoothen the rectified (full of ripples) output to a ripple free DC waveform, as shown in 
Fig. 3.21. 


Input 
Vines 
0 
(a) Rectified output voltage (b) Ripple removing (c) Ripple-free output 
(contains ripples) low pase filter (DC) 


Fig. 3.21 Scheme of obtaining ripple-free output DC. 
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The cirevit of a typical filter is shown in Fig. 3.22, where a capacitor C has been added 
in parallel with the load resistance A,. 


The output voltage is smoothened by shunting the load AR, by the capacitor. The capaci- 
tor stores energy during the conduction period and delivers this energy to the load during 
the non-conducting period. This way the time during which the current passes through the 
load is prolonged and the ripple contents are reduced. The ripple voltage is defined as the 
deviation of the load voltage from its average DC value. Suppose A, = =~ The capacitor C 
charges to voltage V,, during conduction of the diode. Once diode is OFF, it assumes A, = 
(the reverse resistance). Thus, WV; remains V,, even when the diode Dis OFF. Thus, uy = V,, 
is maintained. When the diode is OFF and v, = +V,, and during this cycle with v; = — V,,, 
the diode has peak inverse voltage of 2V,,. Hence we must choose the diode with proper peak 
inverse voltage (PIV) rating to avoid damage of the diode. 


In case the load FR, is not infinity but a specific value, it continues passing current due 
to the voltage vp across it. When diode is OFF, the capacitor C (holding voltage up across it) 
continues supplying current to A,. In other words, C discharges through AR, with time 
constant CR, during diode D OFF period. During diode again conducting, the capacitor C 
regains its voltage to V,,. The diode acts as a switch which permits charge to flow into the 
capacitor when v; exceeds vp (i.e., Ve), and then disconnects the power source when 0p; 13 less 
than Vi. 


Fig. 3.22 Half-wave rectifier with a capacitor filter (v; = V,, sina). 


Action of Capacitor C: To improve the output voltage v; = LA;, we put a amoothening 
capacitor across A, as shown in Fig. 3.23. 


Smoothing 
capacitance C 
(a) 


Fig. 3.23 (a) Rectifier with capacitor filter, (b) Output voltage of circuit in (a). From it, to ty 
or ty to fy, diode Dis ON and the capacitor C charges. From fé to fy, diode D is OFF 
and the capacitor C discharges to load F,. 
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In the steady state, the voltage across the capacitor is V, such that V, is almost equal 
to the input voltage maxima (V,,). 

At ¢,, , is greater than Vj), the diode conducts and voltage across capacitor follows v, 
till V,, is reached. Note that during the charging time (f, to f,), C charges with 
time constant CR,. As R; (diode forward resistance) is very small, CR; being very 
small, the charged voltage v, almost follows the input voltage v, during ft, to fy; 
v, equals V,, at tg. 

Att; V,, =o i.e., output equals the input peak voltage. The charging current becomes 
Zero. 

At fo,9 0, 18 less than vp, diode cuts OFF. 
vu, decays through A, such that 


Up =V,, e' "© from ty to ts. (see discharge path from ft, to ty in Fig. 3.23(b)). 
Att; v9 = v,, ie., v, has just equalled capacitor voltage. 
At ts,9 U, is greater than vp. Diode conducts as was the case at ty,5. This cycle continues. 


The time constant A,C is chosen sufficiently large so that the discharge of C during 
diode OFF period is slow and it maintains a nearly constant voltage vy across C. 

The above case assumes cut-in voltage V,= 0. If V,# 0, we have the circuit illustrated 
in Fig. 3.24. 


” 
= 


* 
u, = V, ain ov (Ignition angle) (Extinction angle) 
(a) (b) oa 
Fig. 3.24 (a) Rectifier equivalent circuit for V, + 0 and A; + 0, (b) Current waveform 
showing ignition and extinction angles. 
For forward bias, 


=V, V_, sin wet 
gg a Pe . (Ry << Ry) (3.41) 


(Ry a Ry) R, 

The current starts only when V,, sin ¢; 2 V, i.e., 
ag -_ =f Vv 

Ignition angle ¢ = sin 2 
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Similarly, an extinction angle exists such that the diode stops conduction before v, 
reaches zero value. Extinction starts when 


v, = Vi_, sin 8s V, 
V, 


i.€., sings 7 


@=¢, gives ignition angle, and 
@= x- @ gives extinction angle. 


Vv. 
Thus, Ignition angle @ =sin™ a (3.42a) 
ool a | V, 
and Extinction angle = #-@ = -sin 7 (3.42b) 
mi 


where V, is the cut-in voltage for the diode. 


Output voltage under load: The diode D is ON (if we neglect the diode drop V,) when 


vu, > Ve = Up 


Up Mp 


0 6 w2 - Qn 6, G2 ix cat (= 8) 
ont —orrF—#\ | 
) ye 
1 a 

0 6, w2 6, Gaz ax (= 8) 


Fig. 3.25 (a) Sketches of input voltage v,; and output voltage vp (v, is shown 
when D can conduct), (b) Diode current ip. 


In Fig. 3.22, when D conducts, the transformer voltage v; is applied across the load R,, 
i.e. then 


Uy = V,, sin wet 
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0 4 wl oF 8, in 3m eat (= 8) 


Fig. 3.26 Effect on output voltage by capacitor in a foll-wave rectifier. 


When diode is ON, the capacitor C regains its voltage V- upto V,,. As s00n as V- exceeds 
u,;, the diode cuts OFF. Capacitor discharges through A, with a time constant CR,. The diode 
passes current from ‘6, to 2/2 when D is ON. During D ‘OFF’ from m2 to 4, C discharges 


If we denote 6,=a, and &,= at, then f, is cut-in time and ft, is cut-out time. 

The performance for a full-wave rectifier is shown in Fig. 3.26. If the capacitance C is 
made much larger, the current passage time ON decreases and currents assume sharp 
peaks. Diode must be chosen to meet such sharp peaks. In such a case, the average current, 
Le., A, [iy], may be well within the current rating of the diode, and yet the peak current may 
be excessive. 


Approximate analysis: The output voltage vy, for the given values of w, R,, C, V,, can be 
obtained graphically. But it is a tedious method. An approximate analysis is as follows (see 
Fig. 3.26). If wCR,; >> 1 then @, — w2 and vw, > V,, at ¢ = ¢t,. Also, with large C, the 
exponential decay can be replaced by a linear fall. Let 
V, = ripple voltage (i.e., + V,/2 deviation from Vz.) 
VY. 

os Ve = Va — 2 (3.43) 
Let T be the total non-conducting time, then V, represents the voltage fall from V,, due 
to discharge current (= J.) in time Ty, Le., 


Vv. ere (. Charge lost @ = J,,T; and V = QC) (3.44) 
For better filtering, the conduction time T, is small and Ts is half cycle time, i.e., 
1 
t,-— 
* of 
Hence v-te 1 (3.45) 
Fr Cc of 
I 
os Va, = V,, -—#& 3.46 
de = ¥m Gan (3.46) 
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Thus, the power supply may be approxi- 
mated by a Thevenin's equivalent circuit 
shown in Fig. 3.27. Here 


V=V, 
1 
Output ta = — 
put resistance FR, We 
where input AC is V,, sin 2aft. i 


The ripple, therefore, vary directly with 
the load current J, and also inversely with 
the capacitance C. To keep ripple low and 
also for good regulation, very large Fig. 3.27 Thevenin equivalent of 
capacitances (of 10 wF to 100 uF) must be the power supply. 
used. A common type of capacitor is an 
electrolytic (which are polarized and must be used with +ve terminal to positive voltage 
side). The desirable features of rectifiers using capacitor input filters are: 

(a) small ripple contents, 


(b) high voltage at light load. 


Disadvantages of this system are: 
(a) Poor regulation, 
(b) High ripple for large load currents, 
(c) Unsafe peak current that diode must pass during the charging of the capacitor. 


Approximate analysis applied to half-wave rectifiers yields: ripple and drop of voltage 
from no load to full load double the values w.r.t. full-wave rectifiers. 


Cepacitor-input and choke-input filters: To have more efficient filtering of the rectifier 
output waveform, we use more than one energy storage elements. The circuits commonly 
used are capacitor-input and the choke-input filters as shown in Fig. 3.28. 


L R R, L, Ly Ry 


Fig. 3.28 (a) Capacitor-input filter, (b) Choke (Inductor)-input filter. 


The resistances A, R,, A, are inseparable parts of the inductors L, L, and L,, respectively. 
The values of the reactances of all the chokes (inductors) are high at the AC frequency. So, 
they alternate the ripple voltage. Because of their zero reactances at DC (w = 0), they 
do not affect the DC output. The reactances of the various capacitances are low at AC 
frequency. These provide an easy path for ripple currents, thus eliminating them from the 
output side. 
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§ EXAMPLE 3.9 


(a) Consider the capacitor filter shown in Fig. 3.29. Show that, during the interval 
when the diode conducts, the diode current is given by 


i= f,, sin (at + wh 


I, = Vn a +a°C? and w= are tan aOR, 
L 


where 


Fig. 3.29 Given circuit for Ex. 3.9. 


(b) Find the cut out angle wi, also. 
Solution When the diode conducts then 


My =u; = V,, sin wt 
i=ip + ip 
=c 2% , Ym sin at 


dt R, 


= C(V,,@ cos ax) + a sin wt (-" vg = V,, sin at) 
‘iL 


=| a? cos at +—- sin ot Vn 
R, 


Let wC=rsin w 
1 1) 
= . rz coor +{ 2.) 

tan w= wCR, 


ia Var sin (ot + yh) 


or i=J,, sin (at + y) 


where Pav: Be + aPC? y= tan wR, 
VRE 


130 Electronic Devices and Circuits 


3.4 VOLTAGE-MULTIPLIER CIRCUITS 


In order to mamtain a relatively low transformer peak voltage we use voltage-multiplier 
circuits. Such circuits are capable of giving DC voltages two times, three times, four times 
or even more times the peak voltage of the input transformer. 


3.4.1 Voltage Doubler 


Consider Fig. 3.30(b). When Vag is +ve, the capacitor C,, initially being at zero potential 
difference across it, starts charging. The current flowing through it is J). In this situation 
diode D, remains OFF and diode D, conducts in forward direction with resistance KH, Thus, 
the loop containing the voltage va, (from the secondary of the transformer), the capacitor C, 
and the resistance FR, (forward conducting resistance of D,) acts as a charging circuit similar 
to one shown in Fig. 3.19. CA, being very small, the voltage V-; almost follows V4, as long 
as D, conducts. Reference Fig. 3.30(d), we have the following action. 


From t= Oto T/4 Diode D, continues conducting and V;, almost follows voltage V,, sin wi 
as shown in Fig. 3.30(d). 


From t = T/4 to 87/4: Since voltage vy, falls from V,, to zero voltage and V;-, = Y,,, the 
net emf in the loop containing vag, C, and D, cannot keep D, ON since (vyg — V,,) is —ve. 
However, the negative voltage (v4, — V,,) at anode of D, is aleo available at the cathode of 
Dey. Thus, loop current Jy (see Fig. 3.30(c)) flows and C, gets charged with time constant 
C.R,. The direction of charging current J, shows that the voltage Vpg is —ve. As long a8 vag 
— V., remains -ve, J; flows and Vag = tye — V,. At t= 772, vag = 0, therefore, Veg = — Vi, at & 
= 7/2 [see Fig. 3.30(d) (ii)). At t = 3/47, usp = — View Can — Ve, = — 2Vi hence Veg = -2V,. 


Fig. 3.30(b) 0D, ON, D, OFF. C, charges to V,,. 
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Fig. 3.30(c) D, OFF, Ds ON, Cy charges to 2V,, as shown. 


From t= 3/dTtot=T: Here neither D, conducts nor D, conducts. The voltages across C, 
and C, continue to be +V,, and -2V,,, respectively assuming no discharge. 


As we would expect, however, there is a load connected across terminals P@ (across 
-—2V,,, DC voltage). The Cy gets discharged by time constant C,R,. If the load resistance A, 
is large, the discharge rate is low. In any case |Vpq| becomes lower than 2V,,. In the next 
AC cycle of voltage vag, Cy regains its lost voltage to again regain voltage V,, during time 
t= 0 to T/4. Also, Vpg assumes a value —2V,, during the cycle time ¢ = T/4 to 447. 

The output waveform across the capacitor C, is that of a half-wave signal filtered by a 
capacitor. The peak inverse voltage (PIV) of each diode D, and Ds is 2V,,. 


(1) 
! 
i 
! 
! 
i 
U 
74, ™ 7 aoy4 
o \, : is P I, ! ny t 
h i eo oh I et 
/ rl A! om ; yout 
‘ ee wt ts eA a0 
ao © i+ ’ % © t 
~V,,-}--—~ "rain ae eee eee ee 

if my ! I 

i ee 4 I 

-¥Y, H 7 ! i 

o1 s i ; 
‘ 

=<7~V_= Sa eS eae Sosa 


Fig. 3.30(d) The charging voltages Ve, and Vi». 
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3.4.2 Another Voltage Doubler Circuit 


An alternative voltage doubler is shown in Fig. 3.31(a). During +ve half cycle of Vag = vag 
= V,, sin wi, the diode D, conducts and C, charges as shown in Fig. 3.31(b). V-, maximum 
value is V,,. During the negative half cycle of vyp, diode Dy, conducts and C, charges as 
depicted in Fig. 3.31(c). Veg maximum value is V,,. 


Fig. 3.31(a) Another half-cycle voltage doubler. 


Fig. 3.31(b) C, charging by current j,. Fig. 3.31(c) (Cy charging by current iy. 
Vag 18 +Vve. Vag if —V¥e, 


The net voltage Veg = 2V,,. With load connected across PQ), the capacitors C, and C, 
discharge passing the same current. It implies that C, and C, are in series (with equivalent 
value C,CW/(C, + Cy) which is less than C, or C,. This provides poor filtering action as 
compared to the earlier circuit. 


3.4.3 Voltage Tripler and Voltage Quadrupler 


We can extend the idea of voltage doubler to higher multiples, as shown in Fig. 3.32. We 
have shown in Fig. 3.32 circuit capable of behaving as a voltage doubler, tripler and a 
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quadrupler. By adding more capacitor and diode in the fashion as shown in Fig. 3.32, we 
ean obviously realize voltage output which is five times, six times the V,,. 

During the +ve half cycle of V,, sin at, the diode D, conducts and charges C, to a peak 
voltage of V,,. Then during the negative half of V,, sin at, Dy conducts and charges C, to ZV, 
volts. Then during the next positive half cycle of V,, sin wt, D, and D, cannot conduct. It is 
8O because voltage at E is —ve or at the most zero due to charged voltage +V,, across C,, 
hence JD, cannot conduct. Also, net loop voltage in the loop v4p, — C, + Dy + Cy is 
tan — Via + 2V,, is +V,, to 2V,, during +ve half cycle of vag, and D, cannot conduct with Vey 
+ve. However, if C, is initially uncharged, during va, +ve half cycle, charging current can 
pass in the conduction loop A+ Ea G+ I4d1—4 H 4 F = B. This charges C, to 2V,, 
as shown in Fig. 3.22. Proceeding similarly, we find that all the capacitors except C, get 
charged to a peak voltage of 2V, (as shown in Fig. 3.92), and C, gets charged to a peak 
voltage of V,,. This results in availability of 2V,,, 3V,,. 4V,,.. .. across BH, Al and BQ... . 


1 
! 
4 
! 
4 
i 
4 


—— Doubler (2V,) ——— 


Fig. 3.32 Circuit of a generic voltage multiplier. 


The transformer rating is only V,,, and each diode in the circuit must be rated at 2V,, 
PIV. We require large capacitors (,, C,, ..., having very low leakages, and this multiplier 
circuit can meet small load current. 


3.5 ZENER VOLTAGE REGULATOR 


The zener diodes are extensively used for voltage regulation, ie., to keep the output voltage 
constant (V, = Vz) independent of variations in load resistance A, and even if the supply 
DC voltage V, being unregulated. The analysis of voltage regulator and design of voltage 
regulators using zener diodes make use of rules/formulas given in Chapter 2. 


a EXAMPLE 3.10 


Explain the zener and Avalanche breakdown in a junction diode. Give their main comparison. 


For the circuit shown in Fig. 3.33, find the minimum and maximum values of zener 
diode currents to ensure regulation by the zener. 
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Solution For explanation of Zener 
and Avalanche breakdowns, see 
Chapter 2. We solve the numerical as 
follows: (120 V to 


Z 170 V) 
. Ve Veg 


Fig. 3.33 The given figure, Ex. 3.10. 


50 


(Heme = Fm) 


=l4-10=4mA 


Ve. -Vz 
Te seas ae 


_170-50 50 50 
= “+ Tne, = — mA 
5 10 ( Lmin "10 


= 24-5 = 19 mA 
I; =4mA, Iz =19mA Ares. 


EXAMPLE 3.11 


(a) For the circuit shown in Fig. 3.34, what 
values of V can regulate the voltage 
correctly. Assume J, = 0 to 4 mA and I, 
has safe values from 1 to 5 mA. 

(b) If J, is fixed at 50/15 mA (ie. Ry, = 15 kQ 
fixed), then find the safe voltage range of V. 


Solution (a) Given J, =lmA 


V,=60V 
Tz, = mA Fig. 3.34 Given circuit, Ex. 3.11. 
I, = 0to4 mA 


Ve — 50) ae Tz max + fp min = 5 + 0 


Ving = 756 V 


en ee 
=l¢4d4 
s Vining = 75 V 
Thus, for V, = 50 V regulated and J, =OQto4mA,V=75¥V No variation permissible. Ams. 
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50 10 
I Soe Fs 
(b) Now, La mA (fixed) 
mn OSE A ir 
10 25 
a 
25 z 
or View =50+5x—=291-V 
3 3 
a] an 
-14,10_18 
a ¢ 
13 2. 
or Ven =504+5X-— = 71— ¥ 


(Vinaze Vnin) = (91.66 V, 71.66 V) Ans. 


EXAMPLE 12 


A voltage regulator consisting of a 6.8 V zener 
diode and a 100 © resistor and intended for 
operation with a 9 V supply is accidently 
connected to 15 V supply instead. Assuming 
that rz is very small, calculate the expected 
values of zener diode current and the power 
dissipation in both the zener diode and the 
resistor, for both normal and aberrant 
situations, and compare the ratios. 


Solution Normal situation 


Fig. 3.35 Circuit for Ex. 3.12. 


Vs = +9V 


Ve - Vz 9-6.5 
= ia =2. mA 
R 100 


When load current J; is zero, Iz = [ = 22 mA. 


a I 


Prener = Tg Vz 
= (22) (6.8) = 149.6 mW Ans. 
Power dissipation in Resistor Pyresisis. = RR 
= (22 = (100) = 48.4 mW Ans. 


Hidden page 
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Solution: (see Fig. 3.37) 
For R = 1 kil, 


7210-88 
1x10° 

I, =1 - Tex 
= 3.2 - 0.1 = 3.1 mA 


=3.2mA 


Fig. 3.37 Circuit for Ex. 3.14. 


and R, -= = 2.194 ka 


The load current range is 0 <= J; = 3.1 mA for regulated output. Ans. 


Redesign Part 
Here Ri, =1kn 
and lex = 10 x Igg = 10 x 0.1 = 1 mA 
I, ===6.8mA 
fel, + Isp 
= 6.8 +1 = 7.8 mA 
ae re Vs-Yz . p_0-68 
R I 
For I = 7.8 mA, Rs WSS = 4100 


A standard value of R = 310 may, therefore, be used in redesign. Ans. 


E EXAMPLE 3.15 


The regulator illustrated in Fig. 3.38 is to provide 6 V load voltage for all load currents 
I, 30.5 A. The unregulated supply varies between 8 and 10 V, and the zener diode provides 
regulation for Iz > 0. Determine: 

(a) The series resistance Rs needed. 

(b) The power dissipation rating of the zener diode. 
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Solution The given data is: 


Vs, =8V, Vs =100V, 7, =0A, 1, =0.5 A, Vz=6 V and Ig =OA 


Fig. 3.38 The given circuit with values for Ex. 3.15. 


Vv. -¥, 
We know that ie Ft 4 
Rs Dee enim 
8-6 2 
— = — HE 0.540005 
; Rs Rs 
or Rg =4Q0 
Va =V; 
Again ree a 
10-6 4 - 
or I; =1A 
Then Py = Vl, 


E EXAMPLE 3.16 


A 7.2 V zener is used in the circuit 
shown in Fig. 3.39, and the load 
current is to vary from 12 to 100 mA. 
Find the value of series resistance A 
to maintain a voltage of 7.2 V across 
the load. The input voltage is constant 
at 20 V and the minimum zener 


current is 10 mA. Find also I; 


Fig. 3.39 Given circuit for Ex. 3.16. 


Solution Given data is: 
Igmin = 10 mA, Ippin = 12 mA, Iemax = 100 mA, E; = 20 V and Vz = 7.2 V. 


paz -Vz = E -Vz 
I fy +1, 
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The voltage across the load would remain constant at 7.2 V due to the zener diode for 
all load currents [,. 


Tz is minimum when J; is maximum. Under this condition, 


feliz +I. (Note this step 
210+ 100 = 110 mA 


_20V-72V _128V = 0.116 kQ = 1162 
110 110 


When the load current is 12 mA, the current through # remains 


tial oe ee ripe 
R 116 


However, Iz, = 110- Ii, = 110 - 12 = 98 mA 
When J, = 0, then Jz = 110 mA the maximum zener current for safe operation 
iz, = 110 mA Ans. 


@ EXAMPLE 3.17 


(a) The avalanche diode in the 
circuit regulates at 50 V over a 
range of diode currents from 6 to 40 
mA. The supply voltage V = 200 V. 
Calculate R to allow voltage 
regulation from a load current J; = 
0 upto Jinax, the maximum possible 
value of [, (b) If A is set as in part ; = ae 

(a) and the load current is set at J, Fig. 3.40(a) The given circuit for (a), Ex. 3.17. 
= 25 mA, what are the limits 

between which V may vary without 

logs of regulation. 


Solution To find A (see Fig. 3.4((a)) 
(a) When J; = 0, Ize, =40 mA 


As V, = +50 V 
200 - 50 
<= 40 
R 
or 150 -p 
40 
15 
or Rez ri = 3.75 kf) Ans. 


Then J; is maximum when Jz is minimum. As [7 | is 5 mA, 


Timex fOr R= 3.75 kt, 40-5 = 35 mA. Ans, 
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ib) To find limits of V for I, = 25 mA 15/4 ko 
tp = Nain =50_ 7, BY 
= 15/4 + + 
= ¥ fy 5 mA th, FOV 
5 « Vain -50 9. 2 : 
15/4 tL 
or Von = 20x = + Be a ? i a 
min 4 ag Fig. 3.40(b) Circuit for part (b), Ex. 3.17. 
= 1625V 
Via, — 50 ¥ 
We. ge ee ee 
Erman 15/4 ” 
Vinin = 162.5 V, Vinax = 293.75 V Ans. 
and Venax = (40 +25) x +50 =X + 50 = 298.75 V 


a EXAMPLE 3.18 


For the circuit shown in Fig. 3.41, find the 
value of R if the circuit regulates at 6 V for 
the input supply voltage of 22 V. The zener 
diode currents are minimum 10 mA and 
maximum 40 mA. The load current J; varies 
from 0 to fa, What is the value of J,..7 
Also, find the power rating of the zener diode. 


Solution Fig. 3.41 Given circuit, Ex. 3.18. 
When J, = 0, Iz = Iz = 40 mA then 
rss al ara 
Given, Tmax for zener = 40 mA 
Inin for zener = 10 mA 
Thus, when J; is maximum J; is minimum. 


I,, = 40-10 = 30 mA Ans. 
Then Zener rating = Ip — * Vieener 


= (406) 
a | = 240 my Ang. 
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EXAMPLE 3.19 


For the network shown in Fig. 3.42, 
determine: 


(a) Vi Ir Ig and Ir for Ry, = 180 
ohms. 


(b 


a 


the value of R,, that will establish 
Maximum power dissipation 
condition for the zener diode. 

(c) the maximum value of FR, to 
ensure that the zener diode Pgeax = 400 mW 


remains in ON state. Fig. 3.42 Given circuit, Ex. 3.19. 
Solution: Given data is: 


a) Vz =10V, I, =— =— = 6.55 I= 
( id L R, 180 mA, Ip 


a I, = 68.18 — 6.55 = 62.63 mA 
(b) Iflg= I, = 40 mA, then J, =I,-Iz_ = 68.18 - 40 = 28:18 mA 
a R,,| a 10 = 954.8 = 355 0 Ans. 
om I, 28.18 x 107 
(c) If Ry, is decreased, J, increases and Iz decreases. To keep the zener diode ON, Ig must 
not be less than J, (= 4 mA). 
x Maximum Tr = ta — Ig, = 98.18 - 4 = 64.18 mA 


and R, =v£2——!0____ - 155.8 = 1562 Ams. 
I, 64.18%10 
If Iz. =0 then 


10 
R,= = 146.6 = 1472 Ans 
t” 68.18 x 107 


§ EXAMPLE 3.20 
For the zener voltage regulator shown in the circuit, (Fig. 3.43) find the range and average 
wattage of the resistor Re to keep the zener in its regulation range under the following 
operating conditions: 
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20VsVgsd0V, 1&sk, S100, I, = 10 mA, 
Pz, = 50 W and Vz = 10 V 


Solution The given data is: (see Fig. 3.43) 
Ve = 30 V, Ve. = 20 V, R, =10 


Fy. =10,V¥,= Vz = 10 ¥, Ip = 10 mA 


Thus, lig =Zg71A and Ty = =10A 


Now, 
Let 
2) -10 
RAR. 20.999 f2 
"10.01 5 
Ve -¥, 
Sew 2 c(t, +1, ) 
Rs, —e 

or Rs, 2 or Rg, 2 5.393 0 


Thus, to meet the load current variation from 1A to 10 A a zener of specification Jz. = 0.01 A 


to Iz. 5 A cannot meet the requirement for any value. of Rg 


Because the conflicting requirement 
Rs = 0.999 0 
Rs 23.333 2 cannot be met. Ans. 
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Note: 


When Ue —fz <i ate); the zener regulator cannot be designed in general. 
Suppose, in the given numerical, the value of R, were 1 kf) < AR, = 10 kQ then 


th, = oH =1 mA 


I, = = 10 mA 


LS +i, ) 
Rg os 


ie. os 10 .. (10 +10) mA 


a] 
.- Res 0.5 kQ 


and VSuu ~ V2. “Ve 


s(I, +I! 
Re Ip tz) 


30-10 


Le. ——— £(0.001+5) A 
Rs 
Rs 2 a= 38 9990 Ans. 
Thus, 3.900 s Res 500 1 


Choose Reg = 4 1), say 
Wattage of Re = 12,, Rs =(f, +d Rs 
=(0.01+ 5 x4=100.4W Ans. 


3.6 CLIPPING AND CLAMPING 


Clipping and Clamping operations refer to beth ese and by these we modify the given 
waveform for specific requirements, in special electronic units. 


3.6.1 Clipping 


In many situations we are required to transmit a part of waveform which lies, say, above 
or below some reference voltage. The half-wave rectifier clips one half of the input AC 
voltage waveform and the other half waveform is outputted as it is without any change. 
Such circuits which allow a part of the waveform (usually AC waveforms) at the output 
without any distortion, are called Clippers. Thus, the function of a clipping circuit is to clip 
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off (to cut off) or to remove an unwanted portion of the input signal without distorting the 
remaining part of the input AC waveform. 


In order to perform clipping operation, we, in general, require a diode, a resistor, a 
battery or a combination of these components. In such circuits the diode acts as a switch 
which is ON (closes) on forward bias and is OFF (opens) on reverse bias. The battery used 
in the clipper circuit enables us to realize clipping at different voltage levels. The clipped 
circuits find extensive use in radars, digital computers and other electronic gadgets. 


Series clippers. Consider the circuits exhibited in Fig. 3.44. Assume that the diode D is 
ideal (i.e., V, = 0, Ry = 0). Whenever the cathode of the diode D is —ve w.r.t. its anode, D 
conducts, acts as an ON switch, and allows the input waveform Vj, to appear, without any 
distortion, at the output as v,, as shown in Fig. 3.44(c). If we reverse the direction of the 
diode D in above circuit, the output vu, will consist of +ve half cycles of the input wave v,,. 
This is precisely the function of a half-wave rectifier. Thus we obtain +ve or —ve waveform 
clipping by inserting a diode in series with the input signal »,,. 


D 


(a) Input waveform (b) Clipper circuit (ec) Output waveform 
Fig. 3.44 A positive series clipper (positive part of v,, gets cut). 


Shunt Clippers. The clipping operation achieved by the circuit illustrated in Fig. 3.44 can 
also be achieved by an alternative circuit shown in Fig. 3.45. 


R 


(a) Input waveform (b) Clipper circuit (c) Output waveform 
Fig. 3.45 <A positive clipper—shunt clipper. 
When v,, is +ve, diode D conducts, it shorts the load resistance Ry, and vp = 0. When v,, 
is -ve, D is OFF, wv, gets divided as 


R 


nm = 
iy Me eR, 
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Vw =)... f 
* jo fate 4 R +R; 


If we choose R, >> R then V,,,, is nearly equal to V,,,,. Le... Up is of the same shape 
(in —ve cycles) but slightly reduced in amplitude. 


Biased clippers. We can also have clippers which clip a part of input wave above or below 
a voltage level. Consider the clipper circuit given in Fig. 3.46. This is a modification of the 
shunt clipper of Fig. 3.45 where we have added a —ve voltage -V,,.; (Reference voltage for 
clipping) as shown in Fig. 3.46. The output voltage, when Diode D is ON is not zero here 
(as was in the case of unbiased shunt clipper of Fig. 3.45). Diode Dis OFF (i.e. open circuit) 
as long as its cathode is above —V_. voltage and here the output is given as 


fi 
Ug = Vig “RR, (for D OFF) 


When v,, is less than —V,,.. 0 is ON, and vy equals the battery voltage —V,,-. 


Clipped waveform 
(solid curve) 


(a) Input waveform (b) The biased clipper circuit (c) Output waveform 
Fig. 3.46 The biased clipper (Negative bias). 


It is also possible to clip an input voltage above some other reference voltage, say, Vier), 
as shown in Fig. 3.47. 


(a) Input waveform (b) Positive biased clipper (c) Output waveform 
Fig. 3.47 Positive biased clipper. 


Here the diode Dis ON when vu... exceeds V,,:- and in this condition uy = Vr. As long 
as D is OFF (when v... < Vier), U> = tin. We have assumed A, >> F for simplicity. 
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Bidirectional (combined) clippers. It is also feasible to design clippers which clip (cut off) 
the input waveform above a certain level (V_._) and below a certain level (—V_.;) a3 shown 
in Fig. 3.48. 


Vous] “7-82” (solid curve) 
Viz : 


(a) Input waveform (b) The bidirectional clipper cireuit (ic) Output waveform 
Fig. 3.48 Combined clipper. 


Note that when v,, exceeds V,,.., D,, being forward biased, conducts and vg = + Vi. 
When v,;,, has the amplitude below —V,,.,. D. conducts (D, is OFF in this case), and 
Uo = — Vier. Between the values —Viem < Ui, < Veer, both the diodes D, and Dy are OFF, 


and Ug =Vi_ 7% If R, >> R, then vg = v,, when v,, varies between -V,.q and +V m9, a5 


is shown in Fig. 3.48(c). 
The following examples illustrate the operation of clippers. 


Bi EXAMPLE 3.21 


Sketch the transfer characteristics and the outputs of the circuits shown in Fig. 3.49(a) and 
(b), assuming V,= 0.6 V, and Ry = 100 0, R, = =. 


49K 9.9 FQ 


ia) 


Fig. 3.49 Given circuits for Ex. 3.21. 


Solution 
(a) Given vj, = 40 sinwt, V, = 0.6 V and Ry = 0.1 kQ 
Diode D is OFF for v,, < 5.6 V then vp = vip 
Diode D is ON for v,, 2 5.6 V then 


by - 5.6 1 (v,, — 5.6) 


I 
D494+01 5 
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Pin 5.6 
Up =U, ~ 1p(49) =, -4.9{ “# 5 
= 0.02v,, + 6.455 


Check, when Vin = 5.6 V 
v, = 0.02(5.6) + 5.488 
= 0.112 + 5.488 


= 5.6 V (as expected) 


in = 40 V 
v, = 0.02 (40) + 5.488 
= 6.285 V 


When 


(bOutput voltage v, and the 
input voltage v,, 


Fig. 3.50 Ex. 3.21(a) Transfer characteristic and the output waveforms. 


vin = 40 sin wt, V, = 0.6 V and Ry = 0.1 kQ 


(b) Given 
Diode D ig OFF when vi, > -— 1.68 V 
then Uo = Vin 
Diode D is ON when v,, < — 0.6 V, then 
_ Vin +0.6 
2 9.9+0.1 


(and for D to conduct, Jp, as shown in Fig. 3.49(b) 
must be -ve, Le. uv, < 40.6 V) 


1 
“10 (u,, + 0.6) 


Up = Vin = Ip ~ o.9 
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i. Uy =o, — = (v,, + 0.6) x 9.9 


= 0.01p;, — 0.694 
Check, when vu, = 0.6 V 
vo = 0.01(-0.6) - 0.594 = - 0.6 Vo (as expected) 
When v;, =- 40 V 
vp = 0.01(—40) - 0.594 = - 4.594 V 


Uy, 


=) --------------------- 


(a) Output voltage v, and the 
input voltage 0, 


Fig. 3.51 Ex. 3.21(b) The output waveform and the transfer characteristic. 


EXAMPLE 3.22 ‘ 


Sketch the voltage transfer characteristic (vg versus v,,) for the circuit shown in Fig. 3.52, 
assuming that the diode is (a) ideal, (b) represented by V,= 0.5 V and Ry = 40 0. 


Ugg ll) 
30 V+-------------, 


oO 10 ma t 
(a) The given voltage v,_(0) (b) The given clipping circuit 


Fig. 3.52 Circuit for Ex. 3.22 


Solution (a) When V,= 0, R, = 0. Clearly D conducts when v(t) 2 5. Then 


SO 
v,(e) = 350 Pins Vin it) = 5. D-OFF 
5 V,u,,(t)25, D-ON 
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Uy. ¥ 


| ee 5.5 Vi------------> 


fi 95 V ine ¥ 0 27.5 ¥ Dine 
(a) u,,-vergua v, for ideal D (b) u,, versus vy for V,= 0.5 V. R,= 400 


(c) When Dis ON for (b) 


Fig. 3.63 Ex. 3.22(a) and (b) are the transfer characteristics and 
(c) is the equivalent circuit when D is ON. 


When D is OFF 
Here T ee eee 
* 200 +50 
I 
and Uy = 1, x50 == Cin 
Then uy < 5 V upto uv, = 0 to 25 V 
When D is ON 


vy = 5 V (the battery voltage) 
The transfer characteristic for D ideal is shown in Fig. 3.53(a). 
(b) lf V,= 0.5 V, Ry = 40. 
When V,) exceeds 6.5, then D conducts, 


When D ts OFF 
= in x 50 LS 
vy = «60 = =p 
"250 poe 
vp 2 5.5 when v,, 2 5 x 6.6 = 27.6 upwards 
When D is ON 
vu. -V 
n= "900 
1, -Va 
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and I-i,s mae 
Eliminate J, and Vy, we get 
I, = (vu, + 27.5} 
- 500 


vy = 50 x I, = Ye + 2.76 


The transfer characteristic when V,= 0.6 V and Ry = 40 © is shown in Fig. 3.53/b). 


uy EXAMPLE 3.23 


Find the output voltage v, for the clipper shown in Fig. 3.54. Also, plot the transfer 
characteristic curve, 1.e., Uj, Versus Up. 


10 kit A 


vy, = 6 sin a | 
Fig. 3.54(a) The given circuit (clipper) for Ex. 3.23. 
Solution D,, Dy both ON (if possible) 


It is not feasible, since when D, is ON then V, =- 4 V, and then D, cannot conduct when V, 
13 —Ve. 


Only D, ON and Dy OFF (see Fig. 3.54(b)) 


10 A 


Seeeesces 


Fig. 3.54(b) D, ON, D, OFF. 


The resulting circuit is illustrated in Fig. 3.54(b) 


i= (u., - 2) 


+” (10 +10) 
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I, is +ve only for v,, 2 2. 


Then io wu, -— 10.7, =v, — 10 


D, OFF and Dz ON 
The resulting circuit is shown in Fig. 3.54(c) 


_ 4 
Iy is +ve, only for v,;, < — 4 V. 
Then wy =-4V (for 14, 5-4) 


Both D, and Dy OFF 


Clearly, when D, is OFF (v,, ¢ 2 V) and 
Ds is OFF (u,, = -— 4 V). Both D, and Dy are, 
therefore, OFF for 


-4<y,42 
Here, Uo = vj, (lr -44 u; 5 2) 


20 


(for v., 2 2) 


Fig. 3.54(c) D, OFF, D, ON. 


The resulting transfer characteristic is shown in Fig. 3.54(d). 


Fig. 3.54(d) Transfer characteristics. 
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EXAMPLE 2.24 


Obtain the voltage transfer characteristics for the circuit shown in Fig. 3.55(a8) assuming 
that the diodes are identical and have V,= 0.6 V, Ry = 0. 


Fig. 3.55(a) The given circuit, Ex. 3.24. 


Solution 
We first obtain Thevenin’s equivalent on LHS of XX" [see Fig. 3.55(b)] 
7.5 1 
Wry = Vinlt) e 154+75 =¥V\,(f). 5 
15 x 7.5 
d Rry = (15 (7.5 K) = = 6.0 
sia soi ad Se 


Let V(t) be such that D, conduct and, therefore, V, > 0, making D, OFF. Then J, flows. 


Fig. 3.65(b) Thevenin’s equivalence of circuit in Fig. 3.55(a). 
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I, is +ve only for V;, > 1.8 V. Then 


m2 6.0xi, = 2 (tia 06) 


UU 
=-2 0,3 
6 


volt) versus vj,{t) is shown in Fig. 3.55(c). 


Fig. 3.65(c) The transfer characteristics. 


AB : ult) is 0 to 1.8 V, , = 0 
BC : v(t) > 1.8, BC has slope W/6 
Part ABC’ can be drawn by symmetry. Ans. 


EXAMPLE 3.25 


The input voltage v,, to the circuit shown in 
Fig. 3.56(a) is a sinusoidal wave with + 15 V. 
Assume ideal diodes; sketch 

(i) Output voltage waveform vp 

(ii) Transfer curve vp versus vj). 
Solution 
When v;, < 3 V, D; is OFF and D, is ON. 
ny I,=0 (D, OFF) 


Fig. 3.56(a) The given circuit, Ex. 3.25. 


(10-3) 7 
d = =—-x20mA (D; ON) 
2=(90+10) 30 (Dy 
7 14 16 
vy = +10 — I, . 0 = 10 - 5 *20=10-— == V. ‘ 


We shall see that v,;, must be less than 16/3 V for D, to remain OFF and Dy, to be ON. 


Suppose D, conducts and Dy, is also ON. We first find the minimum value of v,,, when 
D, can just start eonduction. 
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Dine Lig D,, D, ON 


wy (D, OFF, D, ON) 


Fig. 3.56(c) Transfer curve. 


If D, and D, both conduct, the currents J, and J, as shown in Fig. 3.56(a) must be +ve, We 
have 


Vin ~ 2 = 10UF, + Ff) (loop of D, conduction) (i) 
10-3 = 20/5 + 10(J, + Js) (loop of D, conduction) (ii) 
1 
From Eg. (ii), 30,=7-10 « he ap 0 tO) 


1 
Putting Iy = 3p 0 710? in Eq. fi), we get 


7 10f 7 320 
a 16 
: h=75 ("3 ) 


Thus, J, is +ve only if v,, > 16/3. Hence, for v,, > 16/3, vg > 16/3 V as in case (a) since D, 
is OFF and Dy is ON. 


a 
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As u,, rises (for D; ON, Dy ON and v,, > 16/3) a stage comes when V4 = vp (now) exceeds 
10 V. Once V, exceeds 10 V, Dy goes OFF and the output 
wy =10V a =O. (D, ON and Dy OFF) 


The input v,, and output vg waveforms and also the transfer curve (v,, — Ug) are as shown 
in Fig. 3.56(b) and 3.56(c), respectively. 


BLEXAMPLE 3.26 


For the circuit shown in Fig. 3.57(a) obtain voltage transfer characteristic (i.¢., vj, versus tp). 
Also, draw viq(t) and volt) versus time ft on the same graph. Assume ideal diodes D, and Dy. 
Assume the input voltage varying from 0 to 120 V in time 0 to T as shown in Fig. 3.57(b). 


Fig. 3.57(a) The given circuit, Ex. 3.26. 


Solution zs v;,(f) increases from 0 to 120 V, clearly Dy will conduct first (at vy, = 15 V). 
To find this, let Ds be ON and D, OFF and current [> flow as shown. For Dy to conduct, Io 
must be positive. We have 


Ui — 15 = (100 + 200M, 


I= oe 15 
Ty is +ve for vj, > 15 V. (0 
When Bi, 15 V, then D, and Ds are both OFF, 
and Uo = 15 volts. (due to battery voltage) a eta eau 
When tin > 15 V, and assuming D, is OFF, 
then Vo = Viz — 100s 
=v}, ~ 100 (tao a a 
2 Fig. 2.57(b) Input voltage v,,(t) 
Uy =a in +5 applied to the given 
circuit. 


(shown as straight line AB in Fig. 3.57(d)) (i) 
When vg = V4 = 75, then D, as well as Do are ON, 
and vp = 75 V. From Eq. (i) for vp = 75, 


3 
w= (16 - Bx 5 = 105 V 
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105 }---------------30" 


- 


tig 215-V, vy= 15 V 
16 <j, <105, vy 3M +5 
a, > 105, v,=T5V 


Fig. 3.57 (c) Curves showing v,, and v, from time ¢ = 0 to T, 
(d) The resulting transfer characteristics. 


| | EXAMPLE 3.27 


Assume that the diodes are ideal, Make a plot of vg versus v;, for the range of v,,, from 0 
to 50 V. Indicate for each region which diodes are conducting. 


2.5 beth 


Fig. 3.58(a) The given circuit, Ex. 3.27. 
Solution When v,, <3 V, D, ON, Dz, Dy OFF (see Fig. 3.58(b)) 


V,=3¥ 


Fig. 3.58(b) vp = 3 V for v,, < 3 V, D, ON, Ds, Dy OFF. 


Va = x5 =8V 
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For v,, < 3 V, Dy remains OFF. Also D, is OFF due to reverse bias. Here vp = 3 V is constant. 


(see part of curve AB in Fig. 3.58(f). 


(1) 


When vo, 23 V 
Let D,, Dy be ON, Dz OFF. (see Fig. 3.58(c)) To find range of v;, where J; and J, remain 
+¥e, 
on (in -V4) 
elena TY 
is (6-V,y) 


Vy =U, 4+73).5 


Fig. 3.58(c) D;, D, ON, Dy OFF, 3 < v,, < 9, uy = i + 


From Eqs. (1) and (3), 


1 
1.8.5 a, + 3%, =. 


2.5 
From Eqs. (2) and (3), 
I, = [6 — (I, + Ig) . 515 


6 
i-@., an +i 
Solving Eqs. (4) and (5) for J, and J;, we have 
bee, tee 


10 


(2) 
(3) 


(4) 


(5) 


(5A) 
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For /, and J; to be +ve, 3 < uv, < 9 must hold. 
Here Up = SU, + Is) = De etaered See 
10 5 z 2 
(see part of curve BC in Fig. 3.58(f)) 


From (5A), it is seen that when v;,, exceeds 9 V, J; remains +ve, i.e., Dy remains 
conducting; but J, becomes —ve, ie., D; ON, D,, OFF for v,, > 9 V. 


When V;,, > 9 V, D; ON, D,, Dz OFF (see Fig. 3.58(d)) 


Here U_ = 


203 


= 30V 


vp = 20 V when v= 


This part is shown as curve CD in Fig. 3.58(f). 


Fig. 3.58(d) D,, Dy OFF, Dy ON, uy = for 9 < »,, < 30. 


Till wg (ie., Vy) reaches 20 V, D, remains OFF, BD, will remain OFF for v,, > 9. 


Fig. 3.58(e) D>, D; ON, D, OFF vp > 30 V, 30 < tig $60, Up = td, +e 


peta 
When vi, > 30 V, Ds, Dy ON, D, OFF (see Fig. 3.58(e)) 
I,=¥4=2 (must be +ve) (6) 


10 
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1, =%in—¥a (must be +ve} (7) 
2.5 
Va = Us - 16 (8) 
Vg 
319 | ---------------------2 202 eee + ----------=55 Ez 


oe 
! 
! | 
oe | ! 
3 | 
o 3 4 20 bo 
5,08) p., Dp, ON D, ON Dy, D, ON 
D,Dy) D,,OFF | Dy, Dy, OFF D, OFF 
OFF 
Fig. 3.58(f) Transfer curve (v,, versus v,) 
From Eqs. (6) and (8), ty = (ls - 12 ~ 20] 
a aly —Ig = - 4 (9) 
From Eqs. (7) and (8), 
i == ly ~ 51, — 14) 
; 2 
2! u. aly = 73m (10) 
Solving Eqs. (9) and (10), we obtain 
I, = 2, — 60 Din = 30) 
vj, = 30 V 
pe dE 


Up =5ll5 ~ Ia) = 2 (40 +20) 


4 20 
i.€., Up =F Min +> Ans. 


See curve DE in Fig. 3.68(f), for this result. 
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3.6.2 Clamping (DC Restorer) 


Clamping implies addition or subtraction of a DC voltage in the input waveform. By sub- 
tracting (or adding) this DC voltage from the clamped waveform, we can easily recover the 
original (unclamped) waveform. Thus, a clamper (or clamping network) is one that can 
clamp (clamp means to fix) a signal to a different DC level. The clamper circuit must have 
a capacitor, a diode, and a resistive element. However, a clamper circuit can alzo use an 
independent DC supply to introduce additional voltage shift. The magnitude of resistance R 
and capacitance C must be so chosen that the time constant r= RC should be large enough 
to ensure that the voltage across the capacitor does not discharge significantly during the 
interval when the diode is non-conducting. It is practically sufficient to have FAC time 
constant such that the capacitor will fully charge or discharge in five or six time constants. 
To understand the principle of clamping, we shall first assume that the diode is ideal. 


How do we obtain clamping: Figure 3.59 explains the philosophy of DC level shifting. 
Here we have used fixed DC batteries of voltages V, or V;. However, we require a circuit 
capable of producing a DC voltage like a battery and also capable of producing variable de 
phe as per our requirement. We exploit the switching property (ON or OFF) of a diode 

and charge a capacitor to a voltage and ensure that the voltage across this capacitor remains 
constant. Thus, this charged capacitor will behave like a battery of Fig. 3.59. 


(a) uy =u, - V, (b) o, =o, - Vy 
Fig. 3.59 Clamping, how do we add or subtract a DC voltage in input signal. 
Consider the circuit given in Fig. 3.60. Note that initially the capacitor C has voltage 


V- = 0, being uncharged. As soon as v,,, exceeds V) (at t =¢,), the diode D starts conducting 
since 


Fig. 3.60 Charging of capacitor C when diode D is ON, 
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its anode has potential more than V, after ¢, and the diode’s cathode is at potential Vj. 
During diode’s conduction, it can be replaced by its forward resistance Ry (which is very 
small). Thus, the charging current J charges the capacitor C with a time constant CR, 
‘which is extremely small. It enables C to acquire the voltage Vr across it which is almost 
equal to 
Ve = 0, — Va fpete ts 

Hence, at time fy, when v,, = Uy, Ve equals Vy — V; volts. As soon as v,, starta decreasing 
from its hightest value vy, ie., for ft > f,., the diode cannot continue conducting. For 
example, assume V, = 2 V, Vy = 10 V and V- = 10 -2=8 V. After ty. Let vu, be 9.5 V. The 
situation looks as shown in Fig. 3.61. Note that the potential of anode of the diode is 1.5 V 
and that of the cathode is 2 V. Hence D is OFF, i.c., D is like open circuit. In this situation 
capacitor C can discharge only through resistor RA. But A has a large value, therefore, 
discharge rate of C is very very low. In other words, we can assume that Ve continues to 
maintain a constant voltage of V;, — V, (barring a small decrease due to leakage or dis- 
charge). So we have simulated a battery of voltage Ve (= Vq - V)). The output is given by 


Up = Vin — Ve 


Fig. 3.61 The situation after v,, has crossed V;, (Here V4 = 9.5 - 8 = 1.5 V). 


The output waveform is shown in Fig. 3.62. 


fc) Output waveform 


Vat Vi) + ¥; 
(a) Input waveform ia Cicetabine ake aaa tealies at V+ 


Fig. 3.62 The clamping operation: vy = v,, — Ve = vj, — (W_ — V4). 
To obtain v,, we use the relation vg = vu, — V,. In fact we first draw a waveform as v,, 


and just indicate appropriate voltages of vital points. For example, for the circuit shown in 
Fig. 3.62: 
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Vu of v;, becomes Vy -— (Vy -— Vy) = Vi wolk in Ug 

Vi of Din becomes Vi “= (Va ~ Vi) = 2V) = Vu in Lig 

0 of vi, becomes 0 - (Vy - Vy) == Vay + V; in va 

— V; of v,, becomes —- V; - (Vq — Vy) = — (Vy + Vz) + Vy in up 

The above computed values of v, are shown in Fig. 3.62(c). The above operation also 
proves that the basic waveforms of v,, and vy are just the same, only DC voltage is added/ 
subtracted in v,, to get v,. In the above example we have subtracted voltage (Vy — Vy) from 
vi, to obtain v,. 

We can extend the aforementioned technique of clamping to any complex waveform. 
Only we need to find out the voltage V- first. We also remember that the voltage Vp is the 
maximum amplitude of the voltage attained by the capacitor C, and V¢- is caused by the 
conduction of the diode (to be ON). We first find the condition when diode D just starts 
getting ON and determine the maximum or minimum voltage extremum of the input wave- 
form v,,. By applying loop condition (KVL) we find the highest (+ve or —ve) value which V;- 
can attain. 


Summary of commonly used clampers: 


We have shown the currents J), I, J; and J, for causing maximum possible voltage V_ across 
the capacitor. Diodes are assumed ideal with V,= 0 and Ry very very small. 


Vea = Voeaxs + V3 + Visa t V5) 
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(d) 
Fig. 3.63 Clamping for different reference voltages V,, V:, Vy, V, and diode orientations. 


In the four possible clamping circuits shown in Fig. 3.63, we have assumed p,, as a 
generic waveform with positive peaks as V\,.> and negative peaks on V\..,,. Note that the 
vj, Shown for the clamper circuit are the peak values (Vj4.; OF Vase) Which causes the diode 
to conduct and causes maximum voltage to develop across the capacitor. 


The necessity of high resistance Ain clamper circuits: In practical situations neither 
are the capacitors non-leaky nor it is feasible to hold constant voltage V, after once it has 
appeared across the capacitor. We consider three possible cases. 


Case A Constant peak waveform continwes 

Once Ve has been attained, say to a value & V for the case when Voss: = Vira = 10 V and 
V, =2 V (see top clamper circuit in Summary, Fig. 3.63a). After the peak V4. = 10 V has 
passed its peak instant and Vi, = 8 V achieved, the diode D opens (OFF state) and V;-, acts 
as a “battery” causing clamping action. As time passes, V;-, does decrease from 8 V to, say, 
7 V due to leakage current. However, V;- again increases from 7 V to 8 V as soon as +ve 
eycle of the input waveform v,,, crosses 9 V towards 10 V (Le., Vian). This way Vic, keeps 
on maintaining values between 8 to 7 V. In general, the actual variation may be even less 
than taken in this example. 


Case B Input waveform with higher V,,.. arrives later 
If after the present o,, (with, say, +10V maximum values), a changed v,, with V,,, = £15V 


arrives, V,- will immediately increase to the desired value of 13 V (if V, = 2, top case in 
summary, Fig. 3.63(a)) with the arrival of first +ve maxima of the new waveform having 
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Vinax = 15 V. This is so because the charging time CR; is very very small and Ve almost 
follows the emf in the charging circuit. See Fig. 3.64, V- immediately attains a new values 
Vict at peak C for the new vo, waveform. 


Case C J[nput waveform with lower Vigo: arrives later 

Ve is decaying, between the last charging cycle till the new charging period, due to CR time 
constant (though slow). It should not increase for the incoming waveform with lower V,,,. 
which follows. It will go on decreasing due to discharging via resistor FR, till it has come down 
sufficiently to attain the lower values of V- to match the new input waveform with lower 
Vinx: (See Fig. 3.64c, V-* misses EF and F peaks and stabilities at G). In some circuits we 


Cc 
may also put a resistance across the capacitor | R | to allow fast discharge if we 


expect variable shape of incoming waveforms. This is the case in radars, sonars and TV 
circuits. Figure 3.64 explains the variation of V; for the cases A, B and C deseribed earlier. 


i] # 
ho ho 


Case A: Initial v,,. Here, Case BE: New v,, with higher ; Case C; New u,, with lower 
V, decays and comes up View Ve increases to Pe. , aan V.. misses a few cycles ; 
oo in the very first +ve cycle (E and F) to stabilize at V- 
A, B, Can as for Cand D. at peak cuint G. 


Fig. 3.64 Variation of V- for three cases of V\,, variations. The slant straight lines from 
A+ B+ C => ... G indicate the decay path of capacitor voltage V-. 


E EXAMPLE 3.28 


Sketch the output voltage up(t) in the circuit shown in Fig. 3.65(a) for 0 <t < 5 ms, assuming 
that the diode is ideal. 


ult) 


10 ¥}----------- 


0 5 ms i ma 
(a) (b) 


Fig. 3.65 (a) Given circuit, (b) Given v,(é), Ex. 3.28. 
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Solution When the diode is OFF, 
vglt)=6 V (due to the battery voltage) 


When v, > 6V 
The diode can conduct, as shown in Fig. 3.65 (c) 
pate ® 
400 


uflf)=6 +¢ = 200 


uv, -6 1 
=6+ 400 ar iataal la iT 
1 
ae ee 
Att=5 ms, v, = 10 
ee : tol) asm ae “345 EL 
=3+24%10=8V 
2 
200 0 Diode ON 


(c) (d) 
Fig. 3.65 (c) When diode conducts i = (v, — 6400, (d) volt) for this circuit. 
Thus, volt) is as shown in Fig. 3.65(d), Le. 
6Yv, vu, <6V 


v,(f)= 
Pp 342%, vu, 26V 


EXAMPLE 3.29 


Repeat Problem 3.28, given that the diode is represented by V, = 0.5 V and Ry = 60 £2. 


Solution The circuit for the non-ideal diode is shown in Fig. 3.66(a). 
When vt) < 65 V, i cannot pass as diode is reverse biased. 


cS to = 6 V (due to the battery voltage) 
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20M) {2 


When vt) 2 6.4 V, diode conducts 


uv, - 6.5 __¥, _ 6.5 


i= = 
260+50+200 450 450 


= 


uft)=G+i = 200 vl 
v, 6.5 \_ 4 
a 6 + 200 Ze. a2 S.1l+ ou, za 
_ 6.5 Fig. 3.66(a) Circuit for non-ideal 
At w(t) = 6.5 ¥, f= ry = 3.25 ms diode, Ex. 8.20. 


Thus, v,/vg characteristic curve is shown in Fig. 3.66(b) 
-Atv, = 10V 


4 
tp = 3.11 + ry “x10 = 7.56 V 
The time-wise response is illustrated in Fig. 3.66(c). 


Hence we here have 


6V, v, <6.5V 
aie 3.1140, v, 26.5V 
Uy ¥ 
Up, ¥ 
Fs 
7 7 
& Slope =] 6 
5 ‘ 5 
| 
3 a 
2 2 
! 1 
! 0 
1 £ 3@ 4 5 6 T4,V o it 2 & «4 & 6 4m» 
Fig. 3.66 (b) vy versus v,. Fig. 3.46 (c) wplf) versus f. 


EXAMPLE 3.30 


Explain the working of the following circuits given in Fig. 3.67 and sketch the output 
waveform. Assume that the diode is ideal and the input voltage v;,, is a sinusoidal wave with 
Vnax = 15 ¥. 


{a) Top peak clamper {b) 
Fig. &67 Given circuit Ex. 3.30. 


Uy 
Solution (a) Let input be v,, = 15 sin wt. This 
is a top peak clamping circuit, The peak voltage 
My cannot exceed zero voltage. We assume CR 
much smaller than (220). Whenever D conducts, 
though for an extremely small time, C charges 
through # to +15 V. Thus, C acts as an opposing 
battery for v,, to give vy, — 15 = v,. 


Fig. 3.68(a) Output v,. top clamped 
to OV. (vu, = o,, — 15) 
(b) Here C charges to a voltage of 
18-5 =+10V 
oe Up = v;, — 10 V 
Le, Up mx = 15-10 = 45 V 
Up min = “15 —- 10 = -25 V. Ans. 


Fig. 3.68(b) Output v,. with top clamped 
to 5 VW. (he, = oj, — 10) 


| | EXAMPLE 3.31 


For the DC restorer circuit shown in Fig. 3.69, plot 
the output voltage versus time waveform. 


Solution Assume ideal diode D. Consider the situ. * 
ation from ¢, to fy. In this time D is forward biased Ip 
and the capacitor gets charged to a voltage: Win 


Ve = +20 +5 = +25 V 


Thus, in the subsequent waveform a battery of voltage - 
+25 V gets ‘series connected’ to v,, Fig. 3.69(a) DC restorer circuit, 
Ex. 3.41: 
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+ = La 
Le., Up = hy + 


Hence, vp is as shown in Fig. 3.70. Ams. 


& ty i 
Fig. 3.70 Output voltage versus time waveform (v, = v,, + 25). 


We have assumed an ideal capacitor C. However, C may slowly get discharged but 
recuperates during each conducting times such as f, to to, fy to ty, .., toga, tO fogye. 


a EXAMPLE 3.32 


Plot the output waveform v)(f) in the clamping circuit shown in Fig. 3.71, with v,,(f) as 
shown: 


Fig. 3.71 Given clamping circuit, Ex. 3.32 


Solution Here, diode D conducts whenever voltage v,,(t) is below +5 V Le. Vg4 = 5 V. The 
minimum v,,(¢) is -20 V. The Dis ON as long C charges to a voltage such that Jp is positive. 
Clearly, C must charge to a maximum voltage of -25 V to cause J, = 0. Henceforth 


Chapter 3 Applications of Diodes 169 


bolt) = uj_it) + 26 
ugit) is as shown in Fig. 3.72. We have assumed an ideal capacitor C and a very high value 
of resistance FR. 


(a) Diode ON, J, lowing. Maximum charge on C (b) oy) = v,() + a 
is -25 V+, only then J, — 0. 


Fig. 3.72 (a) Conduction of diode D and charging of C (b) Output voltage v(t). 
In fact, the given clamping circuit will clamp all input voltage v,,(¢) with bottom to +5 V. 


BLEXAMPLE 3.33 


For the circuit shown in Fig. 3.73, determine vo, for vj, = 10 sin at. 


Solution Ui, = 10 sin ont 
Let v,, + 5 = 0, = 10 singwt + 5 

Then vs = a, + Ve 
O<cfe<f, 


Ve = 0 initially. So till C remains uncharged, vg = v,, from time 0 < ¢ < fy. 
(see curve ABC in Fig. 3.74) 


v',, = (10 ain ax + 5) = 


Fig. 3.73 The given circuit, Ex. 3.33. 


Af £;, 
v'.,i¢—ve. Therefore, D is ON and now onwards and vp = 0, (see curve CD in Fig. 3.74) 
and Ve follows vj.) 


170 


Se oI 


Aff = (34)T 


Ve has charged to +5 V as shown polarity. 


t> (34)T 


Assuming capacitor C lossless (ideal), a voltage +5 V is retained by C. Diode D cannot 


conduct since (v,,," 


+ 5) never becomes —ve, i.e., point A never goes —ve w.r.t. B, since the least 


value of v,' +5 = 10 sin wt +5+5 = 0. 
Henceforth vg = vi, + Uc = 10 sine! +5 +5 = 10 sine + 10. (see curve DEF ... in Fig. 3.74) 


Figure 3.74 depicts a sin waveform shifted up by 10 V with peaks at 20 V and troughs 
at 0 V after ¢ = (8/40T. 


ve = Pea + Bi, ari] 


Un +5 Fig "a 


20) 


0 1/4T wT wT T w2T 


Uy = Yin uy = 0 (D ON) bp ah, +5 
(st) (t, <¢s 34T) (WaT << T+kT.) 
Fig. 3.74 


The output waveform is bottom clamped to zero voltage, and is essentially a sine wave. 
After point Dit = 3/4T) onward, the output v, remains sine wave with an addition of 5 V. 


a EXAMPLE 3.34 


With the clamping circuit and V\, shown in Fig. 3.75 explain step by step the operation of 
positive swing and negative swing clamping. 


Solution (a) Top (Positive Swing) Clamping Circuit 


From a to 6: 


From 6 to e: 


From ¢ to a: 


B swings +ve, diode conducts to hold the potential of B at zero volts 
(since D now conducts). Capacitor charges to Ve = V. 

B remains at zero volts (+ve voltage of input and —ve voltage across C 
neutralizes) 

8B swings —ve and the diode cuts off (Input = 0 V, Output = 0 — V- = -ve 
volt) 
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From d toa: rises almost negligibly because 
of the long CA time-constant. 

From ato b: 2B swings +ve, diode conducts 
near to the peak of the swing. (C 
restores its last charge if any) 


Note: If time constant CR is reduced, the output 
waveform is still clamped to zero, but the ; ae 
output now rises appreciably from d to oa as Fig. 3.75 Given circuit, Ex. 3.34. 
shown in (¢c). For the circuit shown 

CR = (0.02 = 10-°) (1 » 10") = 0.02 seconds = 2 m seconds. 
If T <= 0.01 m second, then clamping is fairly good 
(co here (MCR = ¢O0V2 = O08 = 9.995 + decay of only 0.5% in time 7) 
If T lies between 0.01 and 0.2 m seconds, clamping may have some distortion. 


----- b ‘i h 


¥ 


¢-----0V 


7 d a d 


(a) Input v, (b) Output v, for CR> T 


(c) Output w, for CR > T 


Fig. 3.76 Clamping of positive swings. (a) Input v,, (b) Output v, for CR >> T, 
(c) Output v, for CR > T, (d) Action of diode D—ON/OFF. 


(b) Bottom Clamping (Negative Swing Clamping) 


Here, the diode D is reversed and therefore conducts whenever B goes —ve w.r.t. &, 
making the output vu, = 0 volts. When B is +ve w.r.t. E. Diode is OFF and vu, = u;. 


(ec) 


Fig. 3.77 Negative clamping. (a) The clamping cireuit, (b) Action of diode D-ON/OFF, 


(c) Input v,, (d) Output v,. 


The time constant CR >> T for better performance. 
If £ is connected to any other voltage than zero, v,'s bottom is clamped to that voltage. 


We have studied various applications of diodes including the zener diode. The following 
salient points are important: 


Diodes can be used as rectifiers, i.e., half-wave rectifiers and full-wave rectifiers. 
A rectifier converts an AC waveform to a DC waveform. 


A half-wave rectifier uses one diode and allows only alternate +ve half cycles to pass 
through the diode. The diode has peak inverse voltage (PIV) of V,,,., Where the input 
AC signal is v, = V4, Sin wt. 

A full-wave rectifier uses two diodes and a centre-tapped transformer. Here each 
diode has PIV as 2V pax: 


A bridge rectifier uses four identical diodes. It requires no centre-tapped trans- 
former. Each diode in this rectifier has PIV = V,4;. 

Ripple factor r is a measure of AC ripples in the rectified DC. The value of r is 1.21 
(ie. 121%) for half-wave rectifier and 0.483 (i.e. 48.3%) for full-wave rectifiers, 


Efficiency of half-wave rectifier is 40.5% and that of the full-wave rectifier 31% if we 
use ideal diodes for rectifiers. 


a1 


3.7 


3.5 


3.9 


Chapter3 Applications of Diodes 173 


A rectifier meter is a Bridge rectifier with its load as the DC (reading average 
current) ammeter. 


A capacitor filter (a low-pass filter) used in parallel with the load A,, reduces ripples 
and helps to obtain almost constant (ripple free) DC output. 


Low-pass filter can be fabricated by using R, C or R, L, C or L, C. However, R-C 
filters are preferred. 

Voltage multiplier circuit is capable of giving a DC voltage which is multiple of V,.., 
if input v, = Vina, Sin we. 

A zener diode can be effectively used as a voltage regulator giving a constant output 
DC voltage of Vz. 

For effective voltage regulation the unregulated input DC voltage Vz. must be greater 
than Vz and the value of (Jz jo. — Jz min) Must be more than (lp mss — Lp min): 
Clipping circuit (a clipper) clips/removes a part of the input waveform. We can 
design clippers capable of removing any part of the input waveform. 

The clipped waveform (v,) is a distorted version of the input waveform (v,,). We 
cannot recover vj, from vp. 

A clamping circuit (a clamper) adds or subtracts a DC voltage in the input waveform 
Uj, to yield output waveform v». A clamper is also called DC restorer. 

We can recover v,, (the input waveform) completely from vp (the clamped output 
waveform) by adding/subtracting appropriate value of DC voltage in vp. 


Draw a sketch of a half-wave rectifier. Derive the expression for (i) DC current, 
(ii) rms load current when the diode is not ideal, i., V,# 0, Ry # 0. 

Draw a sketch of a full-wave rectifier. Derive the expressions (i) DC current, (ii) DC 
voltage, (iii) voltage regulation for full-wave rectifier. 

Derive the values of ripple factor r and efficiency 7 for (a) half-wave rectifier, (b) full- 
wave rectifier. 

Draw Thevenin model for a full-wave rectifier. 

Sketch the circuit of a Bridge rectifier and explain its operation. 

Sketch the circuit of a rectifier meter and explain its operation. What are its limita- 
tions? 

Explain the operation of charging and discharging of a capacitor C through a resistor 
R and DC source voltage Vy. Assume that the capacitor is initially charged to voltage 
V.. before additional charging via a switch K. 

Explain the operation of an RC low pass filter. How does it remove ripple and stabilize 
the output DC voltage? 

By approximate analysis in an RC low pass filter, determine the Thevenin equivalent 
of the power supply. 
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3.11 
a.12 


3.13 


3.14 
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Draw a sketeh of a voltage doubler. Clearly explain how the doubling of voltage 
results? 
Repeat 3.10 for a voltage trippler and voltage quadrupler. 


Explain the theory behind the voltage regulation achieved by using a zener diode. 
What are the necessary conditions to accomplish a reliable voltage regulation? 


What is a Clipper? How can we realize 
(i) upper part of input waveform above voltage V, 
(ii) lower part of input waveform below voltage V, 


(iii) output waveform clipped above V, and below V, simultaneously 


What is a clamping operation? Give simple circuits to get 


(i) top clamped to voltage V,, take V, = 0, -2 V, +5 V 
(ii) bottom clamped to voltage V;, take V; = 0, -2 V, 4 V 


The circuit in Fig. 3.78 implements a complementary-output rectifier. Sketch and 
clearly label the waveforms of vy" and v,-. Assume a 0.7 V drop across each conduct- 
ing diode. If the magnitude of the average of each output is to be 15 V, find the 
required amplitude of the sine wave across the entire secondary winding. What iz 


the PIV of each diode? 


Fig. 3.78 The given figure of complementary rectifier, P3.1. 
Hint. Let =u, = Ve sin at 
The sketches of vg’ and vy, assuming that the voltage drop across the conducting 
paths is 0.7 V. 


% |, _, = Average of (V, — 0.7) 


¥ 
+15=—+-.7 
af2 


P3.2 


P3.3 
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V, =(15 + 0.7) x= = 24.66 V 


Voltage across the secondary = 2V, = 2 = 24.66 = 49.32 V peak 


Let D, and D. conduct as shown. Then D, and D, are reverse biased. The voltage 
across D, is 2V, (PIV) = 2 « 24.66 = 49.32 if there were no drop in the conducting 
paths. As given in the question, there is a voltage drop of 0.7 V in the conducting 
path. Thus the effective PIV here is 49.32 - 0.7 = 48.62 V. For a safe design we 
choose diode with PIV of 75 V). 


A full-wave rectifier uses diodes with forward resistance of 1 9 each. The trans- 
former secondary is centre-tapped with output 10-0-10 V (rms) and has resistance 
of 5 9 for each half section. Calculate: 


(a) No load DC voltage; (b) DC output voltage at a load of 100 mA, (c) Percentage 
regulation at 100) mA; (d) Efficiency, (e) Ripple voltage across the load, (f) PIV of 
each diode. 

[Ans: (a) No load Vz, = 9.00316 V, (b) With load Vy. = Viogg = 8.40316 V, 
(c) % regulation = 7.14%, (d) Full-wave rectification efficiency = 75.8%, (¢) Ripple 
voltage = 0.483 times J,., (f) PIV = 28.28 V] 


r Skit i, 
For the following cireuit, find (i) the maxi- Is 
mum and (ii) the minimum value of zener 7 R,= 
diode current. ppllae Fs 10 ki 
{Ans: (1) Iz pox = 9 mA, Ie yi, = 1 mA] 


Fig. 3.79 Circuit for P3.2 


A gener diode with safe zener currents from 1 mA to 5 mA and Vz = 40 V is used 
in a power supply regulator meant to give load current of 0 to 8/3 mA. The series 
resistance is 5 kQ. What values of unregulated DC voltage can be tolerated to 
maintain constant load voltage of 40 V? 


1 
[Ans. 582 V to 65 V] 
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P3.8 
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A zener diode with safe zener currents from 2 mA to 10 mA and Vz = 40 V is used 
in a power supply regulator meant to give load current of zero to 4 mA. The series 
resistance Ag is 4 kO. What value of unregulated DC voltage Voc can be tolerated 
to maintain a constant load voltage of 40 V? 


[Ans. 64 V to 80 V] 


The circuit shown in Fig. 3.80 is designed 
with Ag = 20 0. The 5.6 V zener diode pro- 
vides regulation for 1 mA <= Jy < 300 mA and 
for a load current of Os J; s 200 mA. Deter- 
mine the range of amplitudes of the unregu- 
lated supply for which the load remains regu- 
lated. Fig. 3.80 Circuit for P3.6, 
[Ans: Vs varies from 9.62 V to 11.6 V] 


A zener voltage regulator has variable load A, requiring J; from 10 mA to 85 mA. 
With zener diode having Vz = 10 V, Izu. = 15 mA, Tene, = 100 mA, the regulator 
has A, = 40 2. Calculate the range of V,. variation permissible. Also, find the zener 
dissipation power Psion 


Vs 


[Ans: Pz... = 1 W, Vy, = 14.4 V to 14 VJ 

A 10 V zener diode is used to regulate the voltage across the variable load R;. Vig 

has the range 13 Vs Voc 5 16 V and load current is 10 mA < J; = 85 mA. Given 
Igo, 88 15 mA, calculate: (1) Ag, (il) zener diode power dissipation Py. 

[Ans. (i) Rg = 30 Q, Gi) Pz = 1.9 Q] 


Determine and plot the output voltage D, 
for the circuit exhibited im Fig. 3.81. As- 
sume all diodes ideal. 

Hint. When v,, = 0, D, conducts via 10 V, 
R, and Ry. This gives V, = 5 V, Le, up = 
5V, 

Hence D; cannot conduct as long as vj, 
<6 V. 


%j, <5 V D, ON, Ds, Dy OFF Fig. 3.81 Circuit for P3.9. 
V,A=5V es Mm =565V Cin 
i D, ON, D, OFF $0 We======-=-= 


As long as vu, < 20 V, Dy is also OFF 
For 5 < v,, < 20 V, D, being ON, vy = uy, 
in > 20 V D;, Dz; ON, D, OFF 


o 
As V,=0,>20V + uo = tin 30) meer i 
Only Dy is also ON. Fig. 3.82 vv, for circurt above, 
. = 20 
H Fe, T — Cin 
. a" 10 


Uo = Vin 


P3.10 
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a <a 


D, D, ON and D, OFF 0 5 10 30 tia 


(b) 


Fig. 3.83 (a) Equivalent circuit when Dy, Ds, are ON and D, OFF. 
(b) vu, — versus v, graph (Transfer characteristics). 


The transfer curve is as shown 
_j5¥, vu, <5V 
~ [Vine ti FOV 

For the circuit shown in Fig. 3.84, 

draw the transfer characteristic. 

Hint. D; Dy both ON 

Not possible, since D, requires volt- 

age at A 2 2 V. If it is so then D, 

cannot conduct. 

D, ON, D,; OFF 

Here current J, flows and must be 

+ve 


(vu, -2 Fig. 3.84 The given circuit for P3.10. 
aw Win =?) 

(10 + 5) 

== Wy -2) ‘Ug > 2 V for J, to be +ve 
Here t= 2+5x I, 


1 1 4 
=23+6x—(u,, -2)=<— += 
iia tear ae 


At vu, = 2, ly = 2 V, At vu, = +6 V, vg = 10/3 V, shown as curve CD, on Fig. 3.85. 
D, OFF, D; ON 
Here current J, flows and must be +ve 


1, =-"a=8 Um <—4 for Ip to be +ve and Dy to be ON 


Here vy = —4 V, see curve AB in Fig. 3.85. 
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P3.11 


Fig. 3.85 Characteritic (transfer) curve, P3.10. 


D, OFF, D, OFF 


In the range —i < v,, < 2, at least one diode is ON. Outside this voltage range of 
Uiny O and Dy are both OFF, and then vp = v,,, see curve BC in Fig. 3.85. 


(a) The input voltage v,, to the two- 
level chpper shown in part of the figure 
varies linearly from 0 to 150 V. Sketch 
the output voltage v, to the same time 
scale as the input voltage. Assume ideal 
cliodes. 

(b) Repeat (a) for the circuit shown in (b). 
Hint. 

(a) Let v,, be such that D, and D, 
conduct. Then to find u,,, we must have 
J, and J, +ve. If. D, and D, both conduct 
then 


D, and Ds both ON 


D, D, 


Fig. 3.86(a) Given circuit, P3.11 part (a). 


My, — 25 = (100) x 7, + &) ¢. DBD, conducts) (i) 
and (100 — 25) = 200/, + 10017, + F) (-° Dy conducts) (ii) 
From Eq. (ii), 
3004, = 75 — 100/, 
100 
100/, = 25 - 2 I 
y 1 ; 
Putting 100%, = 25 - re I, in Eq. (i), we get 


v,, ~ 25 = 1001, +(25- 2 1] 
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200 3 
aie or 11 = Sq in ~ 50)" 


1 1000 8 1 
I, =—| 25 = — x — =60)| = ——(100 -o,,)* 
2 Tl 3 “200% o.lUC 
So that J, is +ve, v;, must exceed 50 V to Von Up Ue 


make D, conduct. Hence for v,, < 50, 
D, is OFF, D, ON 
D, OFF and D, ON 


(100-25) 1 
I, = 0, lp = S59 =A 
1 
up = 100 V - 200 x 7 =100-50=50V 
For *50 < vu, < 100, D, is ON, Do ON Fig. 3.86(b) v;, and v, for 
P3.11(a). 
, go = Diy . 


When v,, > 100 V, D, conducts, D, OFF 
my =100V {(v h=0) 
tj, and wv, curves are shown in Fig. 3.86(b). 
(b) Here we have as follows: 
(i) When v, < 25 Vi (.. 2D), Ds both OFF) 
Up = 25 V 


f 


100V T “1 


Fig. 3.86(c) The given circuit of clipper, P3.11, part (b). 


Fig. 3.86(d) wo, and v, for P3.11(b). 
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(ii) When v; > 25 V 

D, ON, De is OFF provided V, < 100 V 
When D, is ON, and D, OFF, then vy = v, 
say, D,; ts ON and D, OFF, therefore 


up. = 25 io. — 25) 
I, -——_ == mA 
*100+200° 300 


(vu, — 25) 

0, = 25+ 1, «200 =25 + | =2)] «200 
F 

Di: a a 

#2 

te 
As vy = Uy, a8 800n as vy (= u,) reaches 100 V, then D, can conduct. 
5 a2 
For case (ii), vo, can vary till — 3 +3 “xD, = 100 V is true 


ie. till uv, se 


then =100V 
(iii) When vw, > 137.5 V, te D, is ON, Dy is ON) 
= 100 V only 


| 

I 

i 

i 
OFF) oO 25 187.5 150 », (V) 
Fig. 3.86(e¢) ,, versus v, for P3.11(b). 


(case b) 
(case b) 


P3.12 (a) Obtain the voltage transfer characteristic of the circuit shown, assuming that the 


diodes are ideal. 


(b) Sketch one cycle of the output voltage, assuming that the input voltage is v,(f) 


= 20 sina. 
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Fig. 3.87(a) Given circuit for P3.12. 


Solution (a) Let D, be ON and D, OFF 
Then current J, lows and J, must be +ve 


eh a4 Uj 


(vu; —12) _ uy 
(6412) «318 


Le, u 212V 


2 ow 9 
Then ool) = 12+ 12h, = 12+12(-2 +) a44Zy 
For 


vp, = 20 V, ug = at for vw, = 12 V, Vy = 12 V (see curve CD in Fig. 3.87(b)) 
(b) Now let D,; be OFF, Dy ON, then current J, (dash) flows. I, must be +ve 
(u,+10) & 


a= lL i 


1 
=~—~(10 +4, 
(6+) 3 1a iat 


D, OFF, D, ON 


Fig. 3.87(b) Voltage tranafer characteristic (uv; versus v,). 
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I, is +ve iff vp; = -10 V 


5 vy, 10 2 
Vp =-10-187, =-10-12| = -L|=-— 4 5 
: : (= ee 3 3. 
10 2 
Vo |, «-tov = == +7 (-10)=-10V 
10 40 2 
Vol, av "3S -165V 


To draw voltage transfer characteristic, we have 


4+ eo v212V. —- (D, ON, D, OFF) __ see CD part in Fig. 3.87(b) 
ny mtn, -10<v,<12 (D,OFF,D,OFF) see BC part in Fig. 3.87(b) 
-+Eu, v,<-10V  (D, OFF,D,ON) _ see AB part in Fig. 3.87(b) 


The transfer characteristic is as shown in Fig. 3.87(b) 
(b) For -10V s V, s 12, Vp = Vi 
As V, = 20 sn @V 


for V, = -10 V, @=sin =" = 210° = 1.66% rads 


412 
for § V, = 12 V, @=sin * pp 753-18" = 0.295 rads 


V; (input waveform) 
VY, (Output waveform) 


Gy Yo 


eo 
115 V 


rrrs== 


Fig. 3.87(c). Sketch of ome cycle of up, P3.12(b). 
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P3.13 Obtain the voltage transfer characteristic (v,, versus vg) and also find the output 
voltage v(t) for the circuit shown in Fig. Assume idea) diodes. 


{Ans. volt) = Sy -6 for v,(t)<-15 


uplt)= 4 + otis for v,,,(f)>12 


ult) =v, for -15 ¢ v,,(f) < 12] 


Fig. 3.88(b) The transfer function: v,,(f) versus volt). 


CHAPTER 


Bipolar Junction 
Transistors (BJTs) 


4.1 INTRODUCTION 


The development of Electronics and Computer Industry as we see today goes to the inven- 
tion of the three terminal solid state device called transistor. There are two important 
types of transistors available: Bipolar Junction Transistor (BJT) and Field-Effect Transistor 
(FET). The important feature of a transistor whether BJT or an FET is that the current 
through the two terminals can be controlled by a small change in voltage or current applied 
at the third terminal. Because of this, we can amplify small AC signals (voltage or current) 
or switch the device from ON state in OFF state and vice versa. The amplifying action of 
a transistor is commonly used in audio/video amplifiers and the switching mode of operation 
finds wide applications in high speed digital electronics. 

In this chapter, we will discuss the physical principles of operation of the bipolar junction 
transistor (BJT), its volt-ampere characteristics for different configurations (CB, CE and 
CC), DC equivalent circuit and Ebers-Moll representation of transistor for large signals. The 
analysis of transistor circuits under DC conditions has been discussed through a number of 
solved examples. Field-effect transistor (FET), the second important three terminal device, 
and which has many advantages over BJT, will be discussed im chapter 7. 


4.2 PHYSICAL STRUCTURE OF BJT 


The first three terminal solid state device was fabricated at Bell laboratories by a team of 
Scientists: William Shockley, John Bardeen and Walter H. Brattain on December 23, 1947. 
The original transistor was a point contact transistor and has gone through many stages of 
development. It has three layers and is available as pnp and npn transistor as shown in Fig. 
4.1(a) and (b) respectively. The three different layers or sections as shown in Fig. 4.1 are 
identified as the Emitter, Base and Collector regions. In this figure, the thickness of emitter 
and collector regions has been shown equal, however, in the practical transistors, the emitter 
area is considerably smaller than the collector area. 
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junction (CEJ) 


Fig. 4.1 The physical details of (5) a pnp transistor (b) a npn transistor. 


The emitter region is heavily doped and, therefore, has been shown as p* in the pnp 
transistor and n* in the npn transistor. A high density doping has been used for emitter 
region so that it is capable of emitting/imjecting large number of holes (for pnp) and electrons 
(for npn) through the base into the collector when emuitter-baze junction is forward biased. 
If the collector-base junction is reverse biased, it can be seen that collector will collect the 
carriers (i.e. holes or electrons) emitted by the emitter region. The surface area of the 
collector is usually more than that of the emitter so that the collector can handle more 
power. However, the doping level of the collector need not be high as it is not required to 
provide many carriers. The base region is a lightly doped, thin layer designed to provide 
electrical isolation between the emitter and the collector. The base region also provides a 
eontact point needed for the control of emitter-base voltage. 


4.8 MODES OF OPERATION 


A BJT consists of two p-n junctions: the emitter base junction (EBJ) and collector base 
junction (CBJ). They are constructed in a special way and connected in series back to back. 
Each of these junctions can be forward biased or reverse biased. Depending upon the bias 
conditions of each of these junctions, we can use a BJT in four different modes of operation 
as shown in Table 4.1. 


Table 4.1 Modes of Operation of a BJT 


[ote] Biter e anton | Coletr an jncion | Ube 


Forward biased Reverse biased Normal amplifier 
(mostly used) 


Reverse biased Reverse biased Open switch 

Forward biased Forward biased Closed switch 

Reverse biased Forward biased Low gain amplifie 
(rarely used) 


Whenever a transistor is to be used as an amplifier, it is biased in the forward active 
or simply active mode of operation. In switching applications (e.g. logic circuits) a transistor 
is operated in cut-off and saturation modes. 
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4.4 OPERATION OF pnp TRANSISTOR IN ACTIVE MODE 


It is easy to understand the concept of operation of a bipolar junction transistor in a pnp 
transistor. Therefore, consider a pop transistor shown in Fig. 4.2 biased in the forward 
active mode, that is, emitter-based junction is forward biased (Veg is tive) and collector-base 
junction is reverse biased (Vi-, 15 —1ve). Due to the externally applied voltages Ve, and Vig, 
currents flow in the transistor. The various current components that flow in the transistor 
are shown in Fig. 4.2. In this discussion, we are assuming that the externally applied 
voltages Ve, and Ve, appear across the depletion region of each junction (not shown) and 
thus the potential is constant within each region. This means that the drift current due to 
thermally generated carriers has been neglected which in any case is usually very small. 
Thus, all the current components as shown in Fig. 4.2 are due to diffusion currents. 
The emitter current J; has two components: 


1, Hole injected current, J,¢ due to holes injected from emitter into base. 
2. Electron injected current, J,¢ due to the electrons injected from base into emitter 
region 


Fig. 4.2 Current components for a pnp transistor biased in the forward active mode (i.e. emitter- 
base junction (EBJ) forward biased and collector base junction (CBJ) reverse biased). 


It may be noted that the electrons crossing from base to emitter constitute a current in 
the same direction as J, 

As already stated, emitter region is heavily doped compared to the base region, therefore, 
the hole current J,¢ is always noch larger compared to electron current J... This is in fact 
a desirable situation as the electrons crossing from base to emitter region never reach the 
collector and, therefore, do not contribute towards the collector current. The total emitter 
current J; is therefore, given by 


Ig = Ihe + log (4.1) 
Now, let us see what happens to the holes injected from the emitter into the base. The 
base region has excess electrons as it is of n-type, therefore, some of the injected holes 


recombine with the excess electrons available in the base region and get lost. However, as 
the base region is very thin and has very low doping level, only a few of the injected holes 
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of J,g are lost due to the recombination. Thus, most of the injected holes in the curent J,p 
reach the collector (or are collected by the collector) as the collector base junction is reverse 
biased. The collector current due to these collected holes has been shown as J,¢ in Fig. 4.2. 
The current J, will be less than J,» and the current (J,¢ — [,c) represents the loss of current 
due to recombination. It is seen that the electrons also enter into the base region from the 
external circuit to replemish those lost due to recombination in the base region. These 
electrons constitute the base current J, and is positive outwards as shown in Fig. 4.2. 


The collector current J- has one more component besides I, As collector base junction 
is reverse biased, a second component of collector current J; exists due to reverse saturation 
collector current Ipp. The thermally generated holes (minority carriers) in the base region 
cross into the collector region and constitute a current component J,;p. Similarly, thermally 
generated electrons from collector cross into the base region causing current J, The total 
reverse saturation current Ip, as shown in Fig. 4.2 is given by 


leo = Inco + Jico (4.2) 
Now, we can write an expression for the total collector current J; as: 
Te = dpe + Loo (4.3) 


and has the direction such that J; is going outwards from the collector lead. Thus, for a pnp 
transistor emitter current is positive entering into the emitter terminal, whereas the base 
current J, and collector current J; are positive when leaving the base and collector terminals 
respectively. 
We define a parameter @ (alpha) such that 
Jae = alp fab) 
Note that J,- is always less than Ip i.e. ahas a value less than unity. The typical values 


of @ lie in the range of 0.90 to 0.995. Thus, @ represents the fraction by which the total 
emitter current J- gets reduced before becoming the collector current Jc. 


Equation (4.3) may now be written as 


Ie = al p + lon (4.5) 
or a= Ha Seo (4.6) 
E 


The parameter @ is also called the large signal current gain of a transistor conmected 
in common base configuration. It is the ratio of increment in J; from cut-off to increment 
in I, from Jz = 0. 

It may be pointed out that @ is not constant and it varies with the emitter current Jp, 
the collector-base voltage Veg, the temperature T, besides the type of transistor (npn or 
pop). It is also emphasized that Eq. (4.5) is valid only for the transistor biased in the 
forward-active mode of operation, that is, for emitter-base junction forward biased and 
collector-base junction reverse biased. In forward active mode a@ is usually replaced by a 
signifying that it is the forward mode current gain and Eq. (4.5) can be written as 


fo = aple + Ico (4.7) 
Similarly, if a transistor is used in the reverse-active mode, ie., collector-base junction 
is forward biased and emitter-base junction is reverse biased, then Eq. (4.5) is given by 


Ip = ple. + lea (4.8) 
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where @p represents the reverse mode current gain. The value of @p is very small compared 
to ap due to the difference in doping levels of emitter region and collector region. A transistor 
is rarely used in reverse active mode as it can not provide gain in this mode. 

Now, consider the case when both the junctions are forward biased, that is, transistor 
is biased in saturation mode. Since collector base junction (CBJ) is forward biased, Ippo in 
Eq. (4.7) must be replaced by the diode current which enters the collector terminal in 
Fig. 4.2 for Vex, positive. That is, the collector current Ip is given by 


Ie = dele - Tepe"?! -1) (4.9) 
It can be seen that if Ve, is negative and much greater than Vy, Eq. (4.9) reduces to 
le = Gple + leo 
which is same as Eq. (4.7) (as expected). 
A similar analysis can be carried out for various current components for a npn transistor 


biased in the forward active mode. Figure 4.3 shows the biasing of an npn transistor in 
forward active mode and the various current components due to this. 


It can be seen from Fig. 4.3 that for an npn transistor, emitter current J is positive 
when leaving the emitter terminal and currents [- and J, are positive when entering the 
collector and base terminals, respectively. The collector current J; from Fig. 4.3 is given by 


Te = Ince + Ico 
= Gple + leo (4.10) 


Fig. 4.3 Current components for an npn transistor biased in the forward active 
mode (i.e. EBJ forward biased and CBJ reverse biased). 


4.5 THE EBERS-MOLL MODEL OF A BJT 


We studied the physical behaviour of a transistor in the forward active mode of operation. 
Now, we discuss the quantitative analysis by replacing it with a large signal-general model 
known as the Ebers-Moll model. This is a generalized model and can be used to describe 
the BJT in any of its four possible modes of operation. This model is derived by considering 
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that a transistor is made from two p-n junction diodes connected back to back. In practice, 
however, it is not possible to make a transistor by connecting two p-n junction diodes back 
to back (Explain why?). The model consists of two diodes and two controlled current sources 
as shown in Fig. 4.4 for the case of a pnp transistor. In this model, we have replaced the 
emitter-base junction by a diode producing diode current Ipg. Similarly, the junction CBJ 
has been replaced by a diode, producing diode current Ip. 


I I 
a. — 


- EB - 
Fig. 4.4 The Ebers-Moll model of a pnp transistor. 


The diode currents [pg and Ipe are given by the diode equations: 
Ing =Igete”*t -1) (4.11) 


Ine =Igele"r'* 1) (4.12) 


where Jee and Ig¢- are the reverse saturation currents for the two diodes. Ic- is usually large 
compared to Jee as the area of the collector-base junction is much larger than that of emitter 
base junction (by a factor of 2 to 50). 


As seen earlier, the emitter-base junction diode current Jpg reaches the collector as 
Oplpg, where oy denotes the forward current gain. Similarly, the collector-base junction 
diode current Jp¢ is transported across the base region and reaches emitter as a@p/pc, where 
Ot, denotes the reverse a of a transistor. The value of ap is close to unity whereas op is very 
small and lies in the range of 0.02 to 0.5 due to the unsymmetrical construction of the 
transistor. 


From Fig. 4.4, we may write the terminal currents I and I; as: 
fp = Ine -— Gel pe (4.13) 
le = Oplpe — Ine (4.14) 


Substituting the values of Ipg and Ipc from Eqs. (4.11) and (4.12) in Eqs. (4.13) and 
(4.14), we can express terminal currents J¢ and J; in terms of junction voltages Veg and Vep. 


Tg = Lge (eT -1) - apt ge (e"O'® -1) (4.15) 
Tq = ap gg (eT = 1) = Ie (et = 1) (4.16) 


Equations (4.15) and (4.16) are called the Ebers-Moll (EM) equations. The four 
parameters of the EM-model Ise, Ise, a and a are found to be related as: 


Gplge = Oplsc (4.17) 
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This equation is known as the reciprocity condition for the BJT. We can now obtain a 


relationship between Jz and J- by putting the value of Iep(en —1) from Eg. (4.16) into 
Eq. (4.15), and simplifying, we get 


Ig = Isg(e"®"* —1) - ag| ap gg(e"! -1)- Io | (4.18) 
= diple +(1—- apap I ge(e"™'* -1) 
= agle +I gg (e"' -1) (4.19) 
where Igo =(1- @petp lice (4.20) 


and is called the reverse saturation emitter current. 
Similarly, we can obtain a relationship 


Ie = apy — Ten (e"*"® -1) (4.21) 


where leo = (1 = Tpit p Mse (4.22) 


As an application of the EM model, consider a pnp transistor biased in the forward 
active mode. In active mode, Veg is negative for a pnp transistor and its magnitude is 
usually much greater than Vy, 50 Eq. (4.21) can be approximated as: 


I¢ = ople + Ico 
which is the standard equation for a transistor biased in the forward active region. 


46 CIRCUIT SYMBOLS FOR BJTs 
The physical structure used so far is good for understanding the transistor operation. How- 
ever, for circuit analysis, convenient circuit symbols are used as shown in Fig. 4.5. 


Cc C 


Fig. 4.6 Circuit symbol for (a) pnp transistor (b) npn transistor. 
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Note that there is an arrowhead in the emitter electrode, We know that emitter and 
collector regions of a transistor are of the same type (both are p for pnp transistor and both 
are n for npn transistor). However, the area and the doping levels of these regions are 
different. If emitter and collector regions are interchanged, the value of @ will be much 
lower, a value called reverse ofc). It is, therefore, necessary to specify the emitter region 
for proper use of the device. The arrowheads in these cirewit symbols also indicate the 
direction of current flow in the emitter when the emitter-base junction is forward biased. All 
the currents shown in Fig. 4.5 give the actual direction of the currents flowing in the 
transistor. In both the cases, it can be seen that by KCL 


Te | Ig of fe (4.29) 


Using the circuit symbols, the biasing of pnp and npn transistors in the active mode can 
now be shown as in Fig. 4.6(a) and (b) respectively. 

The voltage between each pair of terminals is also indicated in Fig. 4.6. Here, Veg 
represents the voltage drop from emitter to base. It also means that the voltage at the 
emitter is determined with reference to the voltage at base. For pnp transistor Veg is 
positive and it is negative for npn transistor. Similarly, Veg is negative for pnp transistor 
and positive for npn transistor. Clearly, Veg = Ve - Vg and Veg = Ve - Ve. 


Fig. 4.6 Transistor biasing in forward active region for common base configuration (a) for pnp 
transistor, (b) for npn transistor, 


4.7 VOLT-AMPERE CHARACTERISTICS OF A BJT 


Knowing the physical behaviour of a transistor, we can now graphically display its volt- 
ampere characteristics. ‘There are two sets of volt-ampere characteristics which completely 
describe the behaviour of a transistor (i) the input characteristics, (ii) the output character- 
istics. A transistor can be used in any of the three configurations, i.e. common base (CB), 
common emitter (CE) and common collector (CC) depending upon which terminal is kept 
common between input and output circuit. We will discuss the volt-ampere characteristics 
of the transistor for all the three configurations. The special properties of the transistor in 
configuration CB, CE and CC will be explained in detail in the chapter on amplifiers. 
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4.7.1 The Common Base (CB) Configuration 


Output characteristics: The output characteristics of a pnp transistor used in CB 
configuration are shown in Fig. 4.7. As can be seen, output characteristics is a family of 
curves drawn between the output voltage Ve, and output collector current J, for various 
values of input emitter current Jp. 


There are three important regions of operation marked in Fig. 4.7. These are: active 
region, saturation region and cut-off region. The volt-ampere characteristics in each of these 
regions will be explained now. 

Active region: In the active region, emitter-base junction is forward biased and the 
collector base junction is reverse biased. The collector-base voltage, Veg therefore, is shown 
negative in Fig. 4.7. The relationship 


Ie = Gplz + Ico (4.24) 


holds good in the active region. For J/g = 0, [¢ is equal to reverse saturation current Ip. This 
current is very small (in order of wA) and, therefore, the characteristic curve almost overlaps 
the horizontal axis as shown in Fig 4.7. 

As Ip is increased, the collector current J- increases as given by Eq. (4.24). The value 
of feg is usually so small that it can be neglected and Eg. (4.24) is approximated as 


Ie = pl, (4.25) 
Saturation 
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Fig. 4.7 Typical output characteristics of a pnp transistor in CB configuration. The 
cut-off, active and saturation regions have been indicated. 
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We note the following from Eq. (4.25): 


(i) Ip is less than Jp as ap is always less than unity. 
(ii) The collector current J- is independent of the output voltage Vp. 


Theoretically, therefore, the output characteristics should appear as straight horizontal 
lines. However, as we observe in Fig. 4.7 the collector current J; increases as | Veq| increases. 
This increase in collector current J- is attributed to a phenomenon called Early Effect or 
Base-Width Modulation. 


Early Effect 

Figure 4.8 shows the potential variation of a pnp transistor biased for the active region of 
operation. When no external voltages are applied, the contact potential or barrier potential 
has been shown dashed and is equal to Vy. As emitter base junction is forward biased, the 
potential barrier reduces on the emitter side by | Vgg|. This also reduces the depletion width 
in the emitter region which can be neglected and therefore has not been shown. However, 
for the collector-base junction which is reverse biased, the potential barrier increases by 
|Vece| and therefore the depletion region increases or penetrates more into the base region 
and has been shown W. We know that the base region is very lightly doped compared to the 
collector region. Therefore, depletion region penetrates more into the base region compared 
to collector region as |Veg| increases. The effective base width W., = Wa, — W, therefore, 
decreases as | Ver | increases. 
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Wy, = Physical width of the base region, W = Depletion region due to 
reverse bias |Ve-g| (W region has ions and not free charge carriers), 
Wa = Effective base width (containing free charge carriers). 
Fig. 4.8 Potential variation in a pnp transistor in active region of operation 
showing base width modulation. 


The variation of effective base width Wi with the collector base voltage |Vicg| is called 
Ease-width modulation or Early effect. This results in the following effects: 

(i) There is less chances of recombination in the base region as the effective base width 
or the physical width of the base region reduces from W, to (W_ -— W). The value 
of ay, therefore, increases as | V-g| increases causing an increase in collector current 
Te Ue = Gply). 
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(ii) The concentration gradient of the injected holes p, (these are the minority carriers 
in the base region) also increases due to the reduced base width. Since diffusion 
current is directly proportional to concentration gradient, emitter current J, also 


increases. 


(iii) For very large values of Veg, the effective base width Woy may be reduced to zero 
causing extremely large emitter current. This results in the breakdown of the 
transistor and is called punch through or reach through. Note that the deple- 
tion region has ions and, therefore is conductive. When |Veg| is very large, the full 
base width W, becomes ionic and hence conductive. The voltages Veg and Ve, have 
opposite polarity and, therefore, short circuit via the conductive base when | Veg| 
is very large. This causes a very high break through current. 


Cut-off region. The region below I, = 0 characteristic is referred to as the cut-off region. 
As both the emitter and collector junctions are reverse biased, almost zero currents flow 


through the transistor and it is in the OFF state. 


Saturation region. The region left to the ordinate Ve, = 0 and above J, = 0 is called the 
saturation region. In this region both emitter-base junction and collector-base junction are 


forward biased. As the collector junction is forward 
biased, holes flow from the p-type collector towards 
the n-type base and constitute a current in the 
direction opposite to the direction of positive 
collector current. Even for small values of Veg 
positive, large changes in the collector current 
takes place, and the characteristic falls towards 
zero as Vig is made more and more positive. Since 
collector current increases exponentially, Ip may 
even become negative for large values of forward 
bias. A transistor is biased in saturation region 
when used in switching applications such as logic 
circuits. 


Input characteristics: Figure 4.9 shows the 
input characteristics of a pnp transistor in CB 
configuration. The input characteristics are drawn 
between the emitter-base voltage Ve, and input 
emitter current Je for fixed values of collector- 
base voltage Veg. For collector open, the curve is 
seen to be simply the forward characteristics of a 
emitter base diode. As Veg is made more and more 
negative, the input characteristic shift towards 
left due to Early effect. (i.e. the emitter current 
increases as Ve, is made more negative). 
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Fig. 4.9 Input characteristics of a 
pnp transistor in CB configuration, 


4.7.2 The Common Emitter (CE) Configuration 


Figure 4.10(a) shows an npn transistor biased for CE configuration. Although for under- 
standing the physical behaviour of a transistor, we used a pnp transistor, however, most 
practical circuits use npn transistor due to its better performance over pnp transistor. The 
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output characteristics shown in Fig. 4.10(b) is a plot of the output current Jp vs. output 
voltage Veg for various values of input base current Ip. Note that base curent, J, is usually 
very small of the order of wA for a general purpose transistor. 


J; (ma) Active region ——e 
; Ty = 200 pA 


Veg (¥) 


Fig. 4.10 (a) npn transistor biased for CE configuration, (b) Output characteristics with a load 
line for Vee = 10 V and Re = 500 Q. 


The output characteristics can be divided into three regions of operation, that is, active, 
saturation and cut-off as in the case of CB configuration. The region to the right vertical line 
drawn at Veg = Vcr sa (~ 0.2 V) and above the curve for J, = 0 is called the active region 
of operation. In this region the curves for various values of [y are nearly straight, parallel 
and equally spaced and therefore, this region is best suited for use as an amplifier. The 
region left to the vertical line at Veg = Ver. is known as the saturation region. The 
cut-off region is not very well defined on the characteristics of a CE transistor. 


Active region. In the active region, we know 
Ie = ipl p of leo (4.26) 


Also, Ig = Ie + dy (4.27) 
Eliminating Ig from Eqs. (4.26) and (4.27), we obtain 


I 
Th, ok. f+ — oo. ; 
c* Ta, Anima (4.26a) 


Here, we introduce a parameter fr, such that 


Bp = —— (4.28b) 
1 = ar 


Equation (4.284) now can be rewritten as: 


Ie = Srl, +(1+ Ae Veco (4.29) 
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Teo 18 usually very small compared to Ig, thus we may write 


Ir = Brls (4.390) 


The parameter J¢(=J-/1,) is defined as the large signal current gain of a transistor 


in CE configuration. According to Eq. (4.29a), collector current [> is independent of the 
output voltage Ve, and the output characteristics should have been straight lines. How- 
ever, due to Early effect an increase in the current J¢ is expected with increase in | Veg]. 
The influence of Early effect is more pronounced in a CE transistor as can be seen from 
the larger slope of the characteristics compared with CHB transistor. A simple example will 
explain the same. Assume that ap increases from 0.995 to 0.996 (i.e. 0.1%) due to Early 
Effect as Veg increases from 0 to 10 V. The value of Sy now changes from 0.995,(1 — 0.995) 
= 200 to 0.9961 — 0.996) = 250 which is 25% increase. This example illustrates that a 
0.1% increase in the value of @ is reflected as 25% increase in the value of f,. This is the 
reason that the slope of output characteristics for a CE transistor is more compared to a 
CB transistor. 

There is an important voltage called the Early voltage denoted as V4, which is given 
in the data sheets of a transistor and helps in finding the output resistance of the transistor. 
The early voltage V, is usually determined from the output characteristics of CE transistor 
drawn for various values of emitter-base voltage Vpe shown in Fig. 4.11. If the linear portion 
of the curves are extended backwards on the -ive Veg axis as shown by the dashed lines, 
we see that all the curves meet at a point Ve, = — V4. This voltage V, is called the Early 
voltage and the typical value lies in the range of 50 to 100 V. The slope of Je — Veg curves 
gives the value of inverse of the output resistance of the transistor looking into the collector. 
The output resistance r, is, therefore, given by 


hh ™ 7 (4.31) 


where I is the value of the collector current at the boundary of the active region for a given 
Var- 


Fig. 4.11 CE output characteristics for an npn transistor with Ver as a parameter. 
The curves extended backwards meet at the Early Voltage V4. 
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EXAMPLE 4.1 


In a CE transistor, at V;-¢ of 1 V, Vee is adjusted to give a collector current of 1 mA. Keeping 
Vag constant, V-g¢ is increased to 11 V. Find the new value of J; if the Early voltage V4 is 
100 V. 


Solution Output resistance ry from Eq. (4.31) is: 


fi oA 10 ook 
6 Fj 1 
Cc 


For Vem = 1 V, dq = 1 mA 

and for Veeo = 11 V, let the collector current be [;» 
ll=1 

Therefore, Fy = ey, 


Putting the value of ry = 100 kQ, we get 
les = 1.1 mA Ans. 


Cut-off mode. If J, = 0 in Eq. (4.28a), we get 


I 
Toh, <0" Tog, "0 Ar Meo (4.32) 


A Iczo 


If base terminal is left open as shown in Fig. 4.12(a), then we can achieve J, = 0, The 
collector current with collector-base reverse biased and base open circuited is designated by 
the symbol J-go and is shown in Fig. 4.12(a). The subscript in J-gq means current flowing 
from C fo E with third terminal (base) open. 

Thus, for a= 0.996 and IJ-,,5 = 1 pA, 


1 A 
1—- 0.996 
= 250 pA = 0.25 mA 

This value of collector current is quite high and we cannot say that the transistor is in 
cut-off state even though the collector-base junction is reverse biased. Ideally, at cut-off 
collector current J- should be sero, however, even if J- = Ino, the BJT is considered to be 
at cut-off. For a Ge transistor, @ is close to unity, 30 I¢en is very high. So, in order to cut- 
off a Ge transistor, emitter-base junction is reverse biased by a voltage of the order of 0.1 
V. In the case of Si transistor, @ is found to be very small (close to sero) while operating at 
low currents, therefore, J- = Jp9 and the transistor is close to cut-off. In actual practice, Var 
is made equal to zero, that is, the base is shorted to emitter for a Si transistor. This results 
in a sero emitter current, ie. Jp = 0. The current that flows from collector to base for 
collector-base junction reason-biased and I, = 0 is designated as J;-,_p and is shown in Fig. 
4.15(b). The cut-off condition for a CE transistor can be redefined now as: 


lero = 
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Ire = lero ; Ie = it] 
and Vaz =O0V for Si transistor 
Vee = 0.1 V reverse bias for Ge transistor 
The collector current [-gq in a practical transistor is usually larger than Ip due to 
various factors such as surface leakage current, temperature effects and avalanche 
multiplication. 


I 
(Base open) , yi Base open 
Be 1,0 Collector 
to emitter Vag =0V (8D 
= -0.1 (Ge) Jiro 
E 
(a) (b) 


Fig. 4.12 Circuit showing (a) Ing5 (b) Iepo. 


Saturation mode. In the saturation region, both the emitter base and the collector 
base junctions are forward biased by at least the cut-in voltage, V,(V,= 0.5 V for Si and 
0.2 V for Ge). The value of Vpe for a saturated transistor is usually higher compared to when 
transistor ig operating in the forward active mode. It is usually taken as 0.8 V for Si 
transistor and 0.3 V for Ge transistor. Consider an npn BJT in the saturation mode shown 
in Fig. 4.13. In order that collector base junction is forward biased, the voltage at the base 
should be higher than the collector by, say, 0.5 V to 0.6 V. Assuming Vee = 0.8 V and Vir 
= 0.6 V, we find in Fig. 4.13, 


Vee = Vea + Vag 
= — Vac + Var 
=-06V+08V 
=+0.2V 


The voltage Vee for saturation mode is 
designated as Ver... The meaning of the saturation 
region is further understood by considering Fig. 4.14 
where the output characteristics of a BJT in CE 
configuration has been drawn on an expanded scale 
in the region 0 to 0.6 V. In Fig. 4.14, the region left 
of the vertical dashed line drawn at Vee. is the Fig. 4.12 Voltage distribution in an 
satuvdlion region. A load line for A; = 500 0 and npn transistor for saturation 
Vee - 10 V drawn on these expanded characteristics mode. 
will appear to be almost flat. It cam be seen that at 
Vee = Vee wt 38 the transistor enters into saturation, J- and V;-¢ do not change appreciably 
even with large changes in Jy. In Fig. 4.14, [- is approximately equal to 20 mA for J, varying 
form 120 pA to 200 pA. 
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Fig. 4.14 CE output characteristics on the expanded scale m the region 0 to 0.6 V. 
The load line for Rp = 500 0, V- = 10 V appears almost flat. 


Thus, we can say that the collector current J; has saturated. The value of the collector 
current in saturation region is designated as J;-,., and is given by 


Ver - V, 
leg 2 a (4.33) 
Thus, the minimum base current required to drive a transistor into saturation is: 
Feat 
Ia sin = B (4.94) 
F 


If a transistor has to be operated in the saturation mode, we should design the circuit 
so that Jp is greater than Jp,.j, by a factor of 2 to 10. The ratio of J-,., and Jp (to ensure 
saturation) is called forced f and is given by 

Te ; 
Biorcea = I : (4.35) 
f.| 

In Table 4.2, typical junction voltages required for an npn transistor to be in active, 
saturation and cut-off mode have been summarized. For pnp transistor, the signs for all the 
entries in the table will be reversed. 


Table 4.2 Typical Junction Voltages for npn Transistor at 25°C 


Var, 


O.7V 038V sO2V OV 
0.2 V 0.3 V £01V)] -01¥V 
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A number of solved examples given in Jy (mA) 
this chapter, section 4.7 gives a further 
understanding of the various regions of Vip=0 av 
operation of a transistor. 


Input characteristics: Figure 4.15 shows 0.6 
the input characteristics of an npn transistor 
in CE configuration, drawn between Vpe and 
Ip for different values of V-,. For Veg = 0 V, 
the input characteristics is essentially that 
of a forward biased diode, In general, increase 
in Vege with constant Vpe decreases the 
effective base width due to Early effect. This 0.2 

in turn reduces the base current due to 

reduced recombination thereby shifting the 

input characteristics to the right with 

increasing Veg. o°'04 05 06 O87 O8 Vag (V) 


o4 


Base current J, (ms) 


Fig. 4.15 Input characteristics of an npn 
transistor in CE configuration. 


4.773 The Common Collector (CC) Configuration 


For all practical purposes, the output characteristics of a transistor in CC configuration are 
similar to that for CE configuration. An npn transistor in CC configuration is shown in 
Fig. 4.16. Note that transistor has been drawn so that collector is common between input 
and output circuits. 


The output characteristics are a plot of output emitter current Ip vs Vee (emitter to 
collector voltage) for various values of input base current J». Thus, there is only a change 
of sign in the output voltage on the horizontal axis of the output characteristics of CE 
configuration. On the vertical axis, J; can simply be replaced by J, (assuming @ = 1). Thua, 
there is no noticeable change in the output characteristic of a transistor in CC configuration 
from that of CE configuration. 


Fig. 4.16 "An npn transistor in OC configuration. 
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4.8 DC MODELS 


Based upon the previous discussion, we can represent a transistor by a de model for each 
of the operating regions. These models have been shown for an npn transistor in CE con- 
figuration, as this is the most useful configuration for amplification, The model, however, 
can be used for CB and CC configurations as well. Fig. 4.17(a) shows the dc model for the 
transistor in active mode of operation. We have seen from Eq. (4.30) that 


Io = Bel p (neglecting Ipaq) 

Therefore, we have a controlled current source Jef, showing that collector current Ir is 
controlled by base current Jp. Further, base-emitter junction must be forward biased by a 
voltage Var sive greater than cut-in-voltage V’. The value of Var activ, 18 taken as 0.7V for 
a silicon transistor and 0.2V for Ge transistor as shown in Table 4.2. 


E 
tb) 


Fig. 4.17 DC model for npn transistor (a) active mode (b) saturation mode. 


The resistance ry shown dashed in Fig. 4.17(a) is the output resistance due to early 
effect. Usually, rp is very large compared to the load resistance used in the circuit and, 
therefore is neglected. The de model in the saturation mode is shown in Fig. 4.17(b). The 
values of Ver. and Vek, ant are given in Table 4.2 for Si and Ge transistors. Under cut-off 
condition a transistor is often represented by open circuits between each pair of the tran- 
sistor terminals. This is assuming that the voltage drops due to J-p_, are very low and can 
be neglected. 

The de analysis of transistor circuits is performed for finding the Q-point. For this, we 
must first know the region of operation. The analysis is started by assuming a particular 
operating region and then verify the assumption as is shown by the following examples. 


| | EXAMPLE 4.2 

Determine the region of operation and all the node voltages and currents for the cireuit in 
Fig. 4.18(a), Assume fr = 100. 

Solution As emitter-base junction is forward biased by the supply voltage Vaz, the transistor 
is either in forward active region or saturation region. We start with the assumption that 


the transistor is in active region. We replace the transistor by its de model valid for active 
region and obtain the equivalent circuit shown in Fig. 4.18(b). 
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In the active region, assume 
Vag active = 0.7 V 
So, the voltage at emitter in Fig. 4.18(b) is 
Ve = Vag — Vag active 
=4V-0.7 V 
23.3V 
Further, we may write 
fp = Ip + Je 
=Ip + Belg 
= (1+ Bris 
Writing KVL for base emitter loop, we get 
Vig - VEE active — (1+ SellpRy = 0 
Therefore, 


I, = 
“(1+ Bp Rp 
__*- 0.7 
(1+10033.3 
= 0.0099 mA 
Sa fe = 100 = .0099 = 0.99 mA 
and Ip = fe + Ip 
= 0.09 + 0.0099 Fig. 4.18 (a) Cireuit for Ex. 4.2 
= 0.9999 (b) Equivalent circuit. 
= 1 mA 
The collector voltage Vr is given by 
Ve = Vee — Iofte 
=10-0.99 * 5 
= 5.05 V 
Thus, 
Ve = 5.05 V, Ve =3.3 V, Ve = 4.0 V 


Ic = 0.99 mA, Ip=1mA and I, = 0.0099 mA 


Since the base is at 4 V and the collector is at 5.05 V, so the collector junction is reverse 
biased by 1.05 V. The transistor is indeed in forward active region as assumed. 
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EXAMPLE 43 


Determine the region of operation and the node 
currents and voltages for the circuit shown in 
Fig. 4.19. 


Solution It is not always necessary to draw 
the equivalent circuit. One can easily solve 
directly on the circuit as we do now. Assume 
that the transistor is in active region so that 


Applying KVL to the base circuit, we get 


Vas = [pg + Varactive + Up + [ole 
(i) 


In active region, we have -- 
I- = Belg (neglecting Ing) Fig. 4.19 Circuit for Example 4.3, 
Equation (i), therefore, can be written in terms of J, as: 
Vue = [pity + Vag active + [pll + BrlRe 
Solving for Ip gives 
7, = 188 — VBE active 
B Ry +(1+ By Re 
_ *$-0.7 
100 +(101)2 
The mode voltage, Ve is Ve = Van =- Inky 
=5-0.014 x 100=36V 
and, To = Brlg = 100 x 0.014 mA = 14 mA 
The voltage V- at the collector node is: 
Ve = Veo - Ichte 
=10-14*x 2 
=1]0-38 =<T2V 


Since base voltage Vg is 3.6 V and collector is at 7.2 V, so collector-base junction is 
reverse-biased by 3.6V. Thus our assumption that the transistor is in active region is valid. 


i EXAMPLE 4.4 


Analyze the circuit shown in Fig. 4.20 for its region of operation. Assume fy = 100. 


Solution Assuming that the transistor is in active region of operation and solving for J, 
gives 


= 0.014 mA 


I _ Vag — Vag active 
gees 
Rg 
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§-0.7 Ver 8 VY) 
«60 
= 0.086 mA Ie R,=2ko 
Aste = Bel, in active region, so 
Ry Ve 
Ie = 100 « 0.086 50 ka e+ 
= 8.6 mA ; Ver 
The voltage at the collector is: . i= 
¥) 
Ve = Vor - IoRc =5V 
= 10-8.6 = 2 
=10-172=-72V 
Since emitter is grounded, so, Ve = Veg = ™ 
- 7.2 V and is found to be negative. Thus our Fig. 4.20 Circuit for Example 4.4. 
assumption is invalid. Further, it is not possible 
to obtain a negative value of V-¢ with a positive Voe (10 V) 


collector supply voltage. 

50, we must carry out the analysis again 
by assuming that the transistor is in satura- 
tion region (and not in active region). 

The circuit has been redrawn as illustrated 
in Fig. 4.21 showing transistor with saturation 
voltages Var. = 0.8 V and Vera = 0.2 V. 
From the base loop, 


I _ Vian — Vag sat 
a= a 


5-0.8 
=“ = 0.084 mA 
and collector current I, is: Fig. 421 Circuit for Example 4.4 redrawn 
assuming transistor in saturation. 


Tes = Vespa, = Woot 
R-. 


_10-0.2 
2 
The minimum value of [, required to saturate the transistor is: 


= 4.9 mA 


Since J, in the circuit is calculated as 0.084 mA, so it is greater than J,;.;,. Thus the 
transistor is indeed in saturation mode. 
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z EXAMPLE 4.5 


For the circuit shown in Fig. 4.22 find the value of Ay so as to drive the transistor into 
saturation. Assume 41; = 30. 
Solution 


Assume that the transistor is in saturation so 
that Vers: = 0.8 Vo and Vers: = 0.2 V. The 
collector current J; is given by 


Vee — Vee 
Te = Te nat = Re = 
= 10-02 = 9.8 mA 


The minimum base current required for the 
saturation is calculated from the minimum value 
of Ap. Thus, 


I = Tec ant 
Almin ~ 
Bain 
_9.8mA 
50 


The value of Rg should be so chosen so that I, in the circuit is greater than Jp,,, by 
a factor of, say, 10 to ensure saturation. Thus, the base current can be taken az: 


Fig. 4.22 Cirewit for Example 4.5. 


= 0,196 mA 


Ig = 10 Ipuin 
= 1.96 mA 
The value of Ay required is, therefore, 
5-0.8 
a= T96 
= 27.14 kf}. 


al EXAMPLE 4.6 


A pop transistor is shown in Fig. 4.23. Find the voltage V,, and Vp. Assume f- = 100. 
Solution Note the direction of currents in the Fig. 4.23 for pnp transistor. Assume active 
region of operation, 50 Vagacive = — 0.7 V (For pnp, Vag is negative). Writing KVL for base- 
emitter circuit, [taking Jp = (1 + frig], we have 

Vee — IpRe + Veg — Ighg — 2.5 = 0 

10 - 6.8 (1 + fla - 0.7 - Ip x 100-25 =0 
Solving for I, gives 

Ty = 0.0086 mA 
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So Te = Als 
2 0.66 mA 

and Ig = Ie + Ip 
= 0.86 + 0.0086 
= 0.87 mA 


Now, Vp, is given by 
Vin = Vee + Iofte 


=- 10 + 0.66 = 10 
== 10 + 5.6 
=-14V 
and Voo = Ver — [ght Veg (+10 V) 
= 10-087 x 6.8 Fig. 4.23 Circuit diagram for Example 
= 4.08 V 4.6 (a pnp transistor). 


The voltage at base is given by 
Ve = 2.5 + 100 = .0086 = 3.36 V 


As base voltage, V, is 3.36 V and voltage at collector is —1.4 V, collector base junction is 
reverse biased. Thus the transistor is indeed in active region as assumed. 


a EXAMPLE 4.7 


The pnp transistor in Fig. 4.24 has fe = 50. Find 
the value of AR; to obtain V- = +5 V. What hap- 
pens if the transistor is replaced with another 
transistor having § = 100? 


Solution Assume transistor in active region. 
Writing KVL for the base circuit gives 


Vee + Vagactive — Jpg = 0 


- is Vig + Wap active 
Ry 
Putting Veg sive = — 9.7 V (for pnp transistor) 
= Veg (+10 V) 
foo a ee ank Fig. 4.24 Circuit diagram for Example 
100 4.7 (a pnp transistor). 
If fe = 50, 
Te = Drip 
= 60 « 0.093 = 4.65 mA 
To obtain Ve = 5 V 
Select Rp = “& 


Te 
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Fa 
~ 4.65 
= 1.08 kz 
If Be = 100, 
Ic = 100 x 0.093 
= 9.3 mA 
Now, Ve = [pRe 
=a 9.d = 1.08 
= 10.04 V 


which is greater than the base voltage. The transistor therefore goes into saturation, since 
collector junction gets forward biased. 


EXAMPLE 4.8 


Determine the labelled voltages and currents in the circuit shown in Fig. 4.25. Assume 
Br P| 100. 


Ver {=10 VW 


Fig. 4.25 (a) Circuit diagram for Example 4.8, (b) Equivalent circuit. 


Solution Assume that the transistor is in active region. So Vag sive = — 0.7 V. We can 
simplify the circuit by applying Thevenin’s theorem at point B. The equivalent circuit has 
been redrawn as shown in Fig. 4.25(b). 


Rr» = 180 || 300 


180 x 300 


480 = 1123.5 kQ 
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Ver - Vee) 
Vi = Ve, —t2\Vee - Ver) 
THE UR, +R) 
180 x 20 
Vey = 10 - SUX casv 
TH 480 


Writing KVL for the base emitter circuit, we get 
10 - (7, + I) 6.8 -O.7 - 112.5 = i-2.5=0 


Using Ip = felg, and solving for J, gives 


Ip = 0.0085 mA 
So Ic = firlg 
= 100 x 0.0085 = 0.85 mA 
and Ig = Ip + Ic = 0.86 mA 
Now, Ve =-10+ 100.85 =-15V 
and Ve = 10 - 6.8 0.86 = 4.15 V 


Va = 4.15 - 0.7 = 3.45 V 


Current J, in Fig. 4.25 is given by 


10 -3.45 
180 
and ig = 1, + Ip 


I, 


= 0.036 mA 


= 0.036 + 0.0085 


= 0.044 mA 


4.9 AMPLIFYING ACTION OF A TRANSISTOR 


The amplifying action in a transistor is achieved because the current from a low resistance 
input circuit is transferred to a high resistance output circuit. The word transistor has 


originated from the ‘transfer resistance’ 
action taking place inside a transistor. This 
is further demonstrated by considering a 
simple CB transistor used as an amplifier 
shown in Fig. 4.26, The supply voltages Vaz 
and V-- bias the transistor in active region 
of operation. The AC signal source V, which 
has to be amplified is connected in the mput 
circuit and the load resistance FR, across 
which amplified output is taken is placed in 
the output circuit. The input resistance RF; 
of the emitter-base junction is usually small 


Fig. 4.26 A CB amplifier showing amplifying 
action in a transistor. 
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(as it is forward biased) and is of the order of 10 to 100 9 only. The output resistance Ry 
is quite high of the order of 50 EQ to 1 Mf due to reverse biased collector-base junction. The 
amplifying action of the transistor can be demonstrated by taking a simple example. 

If we assume, R; = 20 0, Ry = 100 kQ and input signal amplitude V,, = 20 mV, then 
input current 


¥, 20 
I =—=—=lmA 
mR, 20 
Assume a= 1, 50 
f= ds 
The output voltage across load resistance is: 
V, = LR, 
=1x“5=5V 
The voltage gain A; ig 
¥; 
me aie 
Ay Vv. 
- ©. - 250 


Thus, a voltage gain of 250 has been achieved. Whenever, we perform AC analysis, all 
DC supply voltages are assumed to be replaed by a short circuit. A transistor when used as 
a CB amplifier can provide voltage gain from 50 to 300. However, the current gain is always 
less than unity. Therefore a CB amplifier finds limited applications. However, a CE amplifier 
provides both voltage gain and current gain and is most extensively used for most of 
amplification applications. 

This simple example taken above only illustrates that a BJT can be used for amplification 
of small AC signals. In chapter 6, we will analyze the amplification properties of a BJT in 
different configurations, that is CB, CE and CC in detail. 


4.10 TRANSISTOR AS A SWITCH/INVERTER 


One of the very important applications of a BJT is its use as a switching device for the 
computer logic circuits. The circuit shown in Fig. 4.27 (7) can be used as a switch/inverter 
by proper selection of resistances. 


The transistor is made to operate in the two extreme modes, ie., it operates either in 
cut-off or saturation mode. Consider an input signal shown in Fig. 4.27(b) applied at the 
input of the circuit in Fig. 4.27(a). When input V,, = — V), transistor is designed to operate 
in cut-off state by proper choice of Rp, Re. Now I- is close to zero, therefore the output 
voltage Vo = Vee as shown in Fig. 4.27(c). For Vj, = V2, transistor goes into saturation or 
is driven ‘ON. When a transistor is biased in saturation region, we know that Veg = Vicg au- 
So that the output voltage Vp = Vere: = 0-2 V (~ 0 V). Thus, the output voltage is either 
high (= Vp, for transistor OFF) or low (=0V for transistor ON). So, the circuit is indeed 
working as a switch or inverter. 
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ic} 
Fig. 4.27 (a) BJT used as a switch/inverter, (b) Input waveform, (c) Output waveform. 


rel EXAMPLE 4.9 


In Fig. 4.27, Ver = 10 V, Rg = 180 bk, Re = 2.4 kO. Analyze the circuit for a square wave 
input of amplitude 0 to 10 V. Assume fr = 125. 


Selution For Vin = OV, Ip = 0 
Assume fe = Ieeo = 0 mA 
Therefore, the voltage drop across Re = 0 V 

and Vo = Vee = 10 V 


Now, consider the situation when Vj, = 10 V. Assume that the transistor is in satura- 
tion. So Var sat = 0.8 V and Vee sat = 0.2 V. 


Now. 1,=— 


and = Top 70.08 mA 


Since Jp > Ip nin, 80 the transistor is in saturation mode and 
Vo = Veg ent 


=O0.2V.0V 
The circuit is working as a switch or as an inverter. 
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BJT switching speed: In a practical transistor, the transistor takes finite time to switch 
from one state to another as shown by the collector current waveform in Fig. 4.28. As can 
be seen the collector current does not respond to the input signal immediately. The total 
time required for the transistor to switch from OFF state to ON state is designated as t,,, 
and is defined as 
fon, = Fg + 
where ft, = Time required for the current to rise to 10 percent of its maximum (saturation) 
value and is called delay time 
t- = Time required for the current to rise from 10 to 90 percent of the maximum 
value and is called rise time 
Similarly, the total time required for the transistor to switch from ON to OFF state is 
referred to as fy and is given by 


tor = t, + ty 


where i, = storage time taken by the collector current to drop to 90 percent of maximum 
value of current 


ty = Time required by J; to fall from 90 percent to 10 percent of Ic sas. 


Transistor ON Transistor OFF 


Fig. 4.28 Waveform of collector current displaying the delay time, rise 
time, storage time and fall time. 


The delay time occurs as the minority carriers take time to cross base region and be 
collected at the collector and attain a value equal to 10 percent of its maximum. The rise 
time and fall time oceur due to the fact that if a base current step is used to saturate the 
transistor or return it from saturation to cut-off, the transistor collector current must traverse 
through the active region. The time interval t, results from the fact that a transistor has 
excess minority carriers stored in the base when in saturation. The excess storage charge 
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has to be removed to turn off the transistor. The storage time, in general, is several times 
higher than the rise time or fall time. For high speed digital circuits, the storage time is 
reduced by not driving transistor deep into saturation. A well-known method for preventing 
a transistor from saturating is the use of Schottky diode in a BJT. A BJT using such a diode 
is called Schottky transistor. 


# Ina BJT, emitter region is heavily doped compared to the collector region. Base region 
is the most lightly doped region. 


® Area of emitter region is smaller as compared to collector remon and the base region 
is very thin compared to other regions. 

e A BJT can operate in one of the three possible modes: Cut off (both junctions reverse 
biased); active (emitter base junction forward biased and collector base junction reverse 
biased); saturation (both junctions forward biased). 

® For amplifier applications, BJT is operated in the active mode. 

e Switching applications make use of the cut off and saturate modes. 

@ Large signal current gains @- and fr are related by the relationships: 

-fr_. g TF 

The parameter ap is always less than unity and fp is large (50 to 200). 

For a BJT (pnp and npn) biased in forward active mode, I; = apie + Ipp holds good. 

# For a BJT in active mode, DC analysis is carried out by assuming |Vae| = 0.7 V. 


@ The slope of the output characteristics of a transistor in CE configuration is higher 
than that in CB configuration due to Early Effect. 


@ Base width modulation for increasing | V-_| results in (i) increase in ap, (i) increase 
in emitter current, Ip, (iii) breakdown or punch through (for large Vicq). 


@ Ina saturated Si transistor, | Vee.:| = 0.2 Vi | Vere | = 0.8 Vi Leant = (Vor — View sar! 
Re. The current I, should be greater than J,.../A.in for transistor to be in saturation. 


@ At cut-off in a Si transistor, Vag = 0 V, J = Jeao, Ie = 0. 


4.1 Show the actual direction of currents Jp, I, and J; for (i) pnp (ii) npn transistor biased 
in active region. 

4.2 Which of the transistor currents is always largest? Which is always smallest? Which 
two currents are almost equal? 

4.3 What is the source of leakage current in a transistor? 


4.4 Define current gain @y and explain why it is not constant. 
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4.5 


4.6 
4.7 


4.8 


4.9 
4.10 
4.11 
4.12 
4.13 
4,14 
4.15 
4.16 


P4.1 


Plot the output characteristics of a transistor in CB configuration and indicate the 
various regions of operation on it. Explain the shape of characteristics. 


Explain the various effects of base width modulation. 
Indicate the active and saturation region on the CE output characteristics of a 
transistor. Explain why its slope is more compared with the slope of CB output 


characteristics. 

Give the typical junction voltages for a Si transistor in (i) active region (ii) saturation 
region. 

Explain the condition for a transistor to saturate. 

Draw the Ebers-Moll model of an npn transistor and write the EM equations. 
Explain the terms Ipgo and I¢go. Which of the two is greater? 

Explain the cut-off conditions in a transistor. 

Explain why a transistor is able to amplify AC input signals. 

Explain the working of a transistor as a switch. 

Explain the switching time é,,, and i,q in a BJT. 

How storage time is reduced in a transistor? 


In a BJT, base current is 7.5 wA and the collector current is 940 pA. Find ap and 
fe for the device. 


(Ans: @ = 0.992; A = 125.3) 


The Early voltage for a BJT is 200 V. Find its output resistance at (i) 1 mA, 
(ii) 100 pA. 


(Ans: 200 kM, 2.0 MQ) 


For the circuit shown in Fig. P-3, Find (a) the region of operation of the transistor, 
(b) Vp. Assume Ap = 100. 


(Ans: Saturation, — 1.65 V) 
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Vor 
The = KE) Re My 
Ue 
0 
i] t 
" Amplified, inverted output 
(a distorted version of v,,) 
(a) (b) 


Fig. 5.2 (a) A simple CE amplifier without bias, (b) Output vp for sinusoidal input v,. 


input sine signal. It can be seen that during the 
positive half cycle of the input waveform (for v, > 
V,). the base-emitter junction is forward biased 
and, therefore, the transistor works in the forward 
active mode. However, for the negative half cycle 
of the input signal, base emitter junction is reverse 
biased and transistor goes into cutoff. The output 
signal waveform available across the load 
resistance Ap shown in Fig. 5.2(b) is clipped or 
half wave only. The output voltage waveform also 
gets inverted due to 180° phase shift introduced 
by the transistor. Thus, in order to obtain an 
exact sinusoidal waveform at the output, it is 
necessary to provide a dc bias in the base circuit 
eo that the base-emitter junction is forward biased = 

even when the input signal is going through the . 

negative half cycle. The problem is solved by sia Rape ore pede Para 
placing a de supply voltage, Vigg in the base circuit 

as shown in Fig. 5.3. Thus, ac signal v, is superimposed on the de voltage Ve_. so that the 
emitter junction will remain forward-biased even when input signal is going through its 
negative half cycle. Now we can get a full wave output waveform. In this circuit we are 
using two independent supplies Voc and Vg, which is usually not desirable. The need for 
a separate supply is easily eliminated by a fixed bias circuit. 


5.3 FIXED BIAS CIRCUIT 


Figure 5.4(a) shows a fixed bias circuit in which @-point is established using a single 
collector supply Ver. By proper selection of the resistance Ag in Fig. 5.4(a), the desired value 
of base current IJ, is established. In any practical amplifier, capacitors C, and C, are also 
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conmected as shown in Fig. 5.4(a). 
The capacitor C, couples the ac 
input signal to the base of the 
transistor. The value of the capacitor 
C, is chosen large (0.1 pF to 10 pF) 
so that even at the lowest input 
signal frequency, its reactance is 
small enough to act as a short circuit 
at that frequency. This will ensure 
that ac input signal will not drop 
across capacitor C, in the entire 
frequency range of interest. The 
reactance of the capacitor C, is 
infinite for dc signals and it acts as 
an open circuit for de signals. Thus, = 

capacitor C, acts both as a coupling Fig. 5.4(a) A CE amplifier using a fixed-bias circuit. 
capacitor (to couple ac input signal) 

and blocking capacitor (to block de signal coming from previous stage or ac signal source). 
Similarly, capacitor C, connected at the output permits only the ac signal across the load 
resistance R- to go onto the next stage by blocking de voltage at collector C. It is necessary 
to block the de voltage from going to the next stage, otherwise it will disturb the DC 
conditions (and hence change the bias voltages) of the next stage. 


Analysis of fived-bias circuit: In order to determine the Quiescent point or the de operating 
point of the transistor amplifier shown im Fig. 5.4(a), we draw its de equivalent circuit. Under 
de conditions, both capacitors C, and C, are open circuit and assuming that the transistor is in 
forward active mode, the de equivalent circuit will be as shown in Fig. 5.4(b). (Here transistor 
has been replaced by its de model valid for forward active mode). 


Fig. 5.4(b) DC equivalent cireuit for Fig. 5.4(a). 


From the base loop, 


Vin - V. ; 
ay (6.1) 


The value of Voeractive 18 given as: 


y oO2V for Ge transistor 
BE active  10.7V for Si transistor 
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The @-point is established by choosing resistance Ay so as to obtain the desired base 
current. For this base current Js, the current J, is readily calculated by using the well known 
relationship in the active region. 

Ie = Arts (neglecting Jno) 
Now, Vee = Ver- IpFc (5.2) 
Thus, the values of Jp, I- and Veg completely define the Q-point. 


In this analytical method of finding the Q-point, the value of 4 should be known. This 
circuit is called a fixved-bias circuit as it provides a fixed value of base current for a given Ap. 


EXAMPLE 5.1 


Design a fixed bias circuit, that is, find Ry and A, so that Jp = 40 pA and Veg = 6 V. Given: 
Voc = 12 V, fe = 80 and Vag = 0.7 V. 


Solution Using Eq. (5.1), 


R, = 1oc— “ae 


Ip 
22 -0.7 
40 
and Ic = Brlp 
= 80 40 =3.2 mA 


= 282.5 kil 


Therefore, R- ee 
c 


12-6 
a = 1.875 kQ 


Thus, Ag = 282.5 kD, Re = 1.875 kil 


5.4 AC AND DC LOAD LINES 


Figure 5.5 shows a CE amplifier using fixed bias arrangement. A load resistance R, is also 
connected at the output through a coupling capacitor C,. The capacitor C, blocks the de 
signal across A, so that only ac signal is available at the load, R,;. In many applications, 
it is desirable that de signal does not flow through the load. For example, in a transistorised 
radio, speaker is the load and any dc signal flowing through it will cause magnetization of 
the coil, and produce distortion. Thus, R, is the actual or practical load in the circuit. 
The Q-point will now have to be redefined for the circuit in Fig. 5.5. Under de conditions, 
capacitors C, and C, are open and, therefore, the load in the circuit is Re only. The 
corresponding de load line is shown on the volt-ampere characteristics of an npn transistor 
in Fig. 5.6. The operating point @, is located at the centre of the load line so as to use a base 
current swing of 40 wA. However under ac conditions, capacitors C, and C, are short and 
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9 Vie 


AC 
output 
input 
signal 


= 


Fig. 5.56 A CE amplifier with an ac load F,. 


the effective load in the circuit is Ry’ = Re || Ry. We, therefore, draw an ac load line through 
the operating point q), with a slope equal to (—1/R,) as indicated in Fig. 5.6. The resistance 
R,, is psually leas than Ap, so that A,’ will be less than Ap. For example, if Re = 4 — and 
R, is 1k, then AR," = 0.8 k. Thus the slope of the ac load line is more than the de load line 
in Fig. 5.6. It can be seen that under ac conditions @-point is not in the centre.of the ac load 
line and, therefore, it is not the proper choice of Q-point. Thus, if the Q-point-is shifted from 
@, to Q, on the de load line, the ac load line drawn through @, with a slope of -1/R;" clearly 
- shows that an input base current swing of about 60 A is easily possible without distortion. 
The new operating point @, is usually found by trial and error. 


0 V, Viz View Vig ¥ 


Fig. 5.6 ac and de load lines on the CE characteristics of a transistor (A," = Re|| Ry). 
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5.56 OPERATING POINT STABILITY 


Once the operating point has been established, it is very important that it remains stable. 
The various reasons that cause the shift of the Q-point are the following: 


1. The wide variation in the current amplification factor fr (often 5 to 1 or more) of the 
transistors having the same number due to manufacturing limitations. 


2. Variation in the collector reverse saturation current [op with temperature (Ip doubles 
for every 10°C rise in temperature), “ 

3. Variation in the quiescent base emitter voltage Varg with temperature (Vp, falls at the 
rate of 2.2 mV for rise of every degree in temperature). 


4. Variation in the supply voltage due to imperfect regulation. 
5. Variation in the circuit resistances due to tolerance and temperature changes. 


Out of the above, the two parameters viz. temperature variation and f variation 
play an important role in effecting the stability of the @-point, and will be discussed 
in detail. 


Effect of B-variation on Q-poinf: Figure 5.7 shows the V-I characteristics of an npn 
transistor for two values of fy. Solid line curves represent the transistor with lower fr while 
dotted line curves are for the transistor of the same type but with a higher fir. If Iy is fixed, 
say, at Ip, using the fixed bias circuit of Fig. 5.4(a), it can be seen that the replacement of 
the transistor with higher fy will shift the operating point from @, to Qs. Thus, even though 
the current /, is fixed, the Q-point is not stable as value of §- changes. 


Fig. 5.7 Operating point changes from Q, to Q, for a transistor with higher ip. 
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Effect of temperature variation on @-point: We know that Jp, doubles for every 10°C 
rise in temperature. The increase in Jep increases Je [~ Je = Belg + (1 + Seileo) which in 
turn increases the collector junction temperature and Jp, further increases. This process is 
cumulative and changes the V-J characteristics of a transistor. Figs. 5.8(a) and (b) shows the 
output characteristics of an npn transistor at temperature T, = 25°C and T, = 100°C 
respectively. It can be seen that the curves have shifted upwards as temperature increases 
from 25°C to 100°C. Consider that the Q-point has been established using a fixed bias 
circuit at J; = 40 pA at 25°C in Fig. 5.8(a). It can be seen that the operating point has 
shifted upwards at 100°C and is quite close to the saturation region which is not a good 
choice. We next discuss a circuit that provides a stable operating point against variations 
in Sr and temperature. 


I (mA) 


Fig. 5.8 Output characteristics of an npn transistor at (a) 25°C (b) 100°C. Note the 
change in Q-point. 


5.6 SELF BIAS OR EMITTER BIAS 


The fixed bias circuit of Fig. §.4(a) as we have seen does not provide a stable operating point 
when temperature changes or the transistor is replaced. The reason for instability is that 
the base current [, is fixed in the circuit whereas J; and Vee vary. Thus, in order to get a 
stable operating point, we must have a biasing circuit in which J- and Veg are maintained 
constant whereas J, is allowed to vary. A circuit that fulfills this requirement is a self bias 
or emitter bias circuit and is shown in Fig. 5.9(a). 

In this circuit, the base voltage is obtained from the supply Ver through the volt- 
age divider A, and Ay. The resistance Ay in the emitter branch helps in stabilizing the 
Q-point. 
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Fig. 5.9 (a) A CE amplifier with self bias, (b) Simplified cireuit obtained by applying 
Thevenin's at AA’. 


Analysis: The circuit of Fig. 5.9(a) can be simplified by replacing the voltage divider RR, 
network by its Thevenin’s equivalent applied at AA’. The simplified circuit so obtained is 
shown in Fig. 5.9(b) where 


Veg roe Veo (6.3) 
and Ry a (or R, || Ry) (5.4) 


It may be noted that the capacitors C, and C, are open circuit under de conditions. The 
Q-point analysis of this circuit can be done either (i) analytically (ii) graphically. Both the 
methods are discussed here. 


Analytical method for finding @-point: The value of §- must be known in this 
method. The quiescent base current J, is determined by applying KVL in the base loop 
of Fig. 5.9(b): 


Ves — IpRy — Var -— Ue + IgiRe = 0 (5.5) 
Since To = Bplg in the active region (neglecting Jpn), we may write Eq. (5.5) as: 
Van = Ipftp + Vag + (1 + Arla (5.6) 
Vas — V, 
mt. 18" + (14 Bp) Re mu 
and Ie = felp (5.8) 


The value of Vx is calculated by writing KVL for the collector loop im Fig. 5.9(b). 
Vee — foftc — Vee — Ue + Ip) Re = 0 (5.9) 


226 Electronic Devices and Circuits 
The value of J- and J, has already been calculated, so Vi-g can be computed from 
Bq. (5.9). 


Graphical method for finding Q-point: The Q-point can be computed graphically on the 
volt-ampere characteristics of the transistor as shown in Fig. 5.10. 


Eliminating J; from Eqs. (5.5) and (5.9), we obtain 


ReV, RyVexv 
Vou = laity + Vag + Rely ‘oak Aaa (5.10) 


For each value of Jy on the output characteristics, the value of Veg is computed from 
Eq. (5.10). The locus of (Vege, J_) plotted on the CE output characteristics is called the bias 
curve and is shown in Fig. 5.10. The point of intersection of the bias curve with the load 
line gives the Q-point. 

The analytical method is obviously simpler and more popular as value of ff, is usually 
available for the transistors. 


F-(mA) 
5 
In= 60 WA 
‘ 120 eh 
a0 wl. 
4 
Vor Load line 60 uA 


0 4 : 2 6 20 * 2 vw 


Ver 
Fig. 5.10 Finding Q-point graphically. 


Importance of emitter resistance Ay: The emitter resistance A, stabilizes the collector 
current J; by providing negative feedback in the base emitter circuit. If the collector current, 
fe increases due to increase in temperature or due to replacement of device with higher jp, 
the voltage drop Ve across Ay also increases. This in turn reduces the base to emitter 
voltage. The base emitter junction is, therefore, less forward biased and, therefore, rediices 
the collector current J; Thus, any tendency of J to increase is nullified by the negative 
feedback action provided by the emitter resistance Ay. The resistance Ap, therefore, stabilizes 
the Q-point against variations in the collectar current due to change of temperature or 
device. 
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Design constraints: The aim of the self bias circuit is to make collector current J; insen- 
sitive to the variation in temperature or & This is achieved by imposing the following two 
constraints in the self bias circuit: 


Vara = Var (5.11) 
and (1+ rig >> Rpg (5.12) 
It can be seen that when these two constraints are applied to Eq. (5.7), it reduces to 
V, 
Ig > -— 5.13 
o (1+ fy) Re ey 
For very large Fp, 
¥ 
Ip=—™ (5.14 
* BpRy 
énd To = Bly 
V. 
= HB 
Rs (5.15) 


Thus we can say that, J- has becomes independent of transistor parameters and is stabilized. 

In Fig. 5.9(b), for a given supply voltage Ve; higher the value of Vg, lower will be the 
sum of voltage across Ay and the collector base junction Veg. We, however desire large 
voltage across A, so as to get high voltage gain. We also require large Veg (or Veg) to 
provide large signal swing. These conflicting requirements are usually compromised by 
choosing voltage at the base WV, or Veg (neglecting drop across Ay due to Ig) about LaVer, 
Vea (or Vee) about 1/3Ver and drop [-f- across Re about 1/3V rr. 

In accordance with the second constraint given in (Eq. 5.12), we must choose A, and Ry 
small so as to keep Ap small. However, if #, and Ay are small, more current will be drawn 
from the collector supply Ve. Lower values of A, and R, will also reduce the input resis- 
tance of the amplifier which is not a desirable feature. There is again a trade-off invalved 
in this part of design aspect. It can be, however, seen that the current through the divider 
must be made much larger than the base current. For this, one selects A, and Hy such that 


the current through A.A, lies in the range of Ip (=I) to Oli, (=0.1¢). 
EXAMPLE 5.2 


Determine the Q-point, i.c., Vegg and Jpg for the self-biased CE amplifier shown in Fig. 5.11(a). 
Assume Var = 0.7 V and Ap = 50. 


Solution Figure 5.11(b) shows the simplified circuit obtained by using Thevenin's equiva- 
lent representation of potential divider RR. Under de conditions 


=3.81V 
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“7 (1B V) 


By 
in 
Fig. 5.11 (a) Self-biased CE amplifier for Ex. 5.2, (6) Simplified circuit. 
From Eq. (5.4), 
Rp = R, || FR 

= 82 || 22 

= 17.35 kQ 
Also from Eq. (5.7), 

Pica Van — ¥; 
4 Ry + (1+ fp Re 

381-07 _ 

1735 +1Ni2) 25 HA 
and Ie = Bplp 

= (50)(39.6) = 1.98 mA 
From Eq. (5.9), 

Vee = Vee — Ice + Rg) — IpRe 

= 18 — (1.98)(5.6 + 1.2) — (39.6)(1.2) 

=449 V 
So Verg = 4.49 V 

Iog = 1.98 mA —_ 

a EXAMPLE 5.3 


Design a self biased circuit to establish the Q-point at I; = 1 mA using a collector supply 
Ver = +12 V. Assume Jr = 100, Var = o.7 ¥V. 
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Solution Consider the self bias circuit shown in 
Fig. 5.12. 


As suggested in the design constraints, allocate 
VW3Vec to Re, another V/3Vec to Ry leaving 1/3V ec for 
Vegg: 

Thus, Va =4V 

and VE = Ve ™ Ver 
=4V-O7V=33V 

Neglecting base current, 


Ve =1cRe 


Select the current through R,R, equal to 0.1, i.e., 
0.1 mA. 


Since Vee = (R, + R.0.1 mA) 
Therefore, Ry + Ry =~ = 120 ko 
Rt 
Also Vp =4V =—*—_Y, 
B R, +R, ec 

Solving for A, and R, gives 

R, = 80 kQ 

Ry = 40 kQ 


The value of Re is determined from: 


eRe = 5 Voc = 4V 
“A Ro== = 40 


Thus, FR, =80kD, R,=40k, Re = 4 kf 


Voc (+12 V) 
Oe! =] Ic 
£ 
R, : 
Ry 
Ry 


Fig. 5.12 Self bias circuit 
for Example 5.3. 


Up has been neglected) 


and A, = 3.3 kf Ana. 
If, however, we assume that the current through AA, is equal to Ip, i.e., 1 mA then BR, + 


R, = 12 Kf and the new values of R, and R, are found as: RF, = 8k, R, = 4 kf. 


An improved bias arrangement: Figure 5.13 shows a collector to base bias circuit which 


provides better stability against §- variation compared to fixed bias or self bias configurations. 


Writing KVL around the indicated loop, we obtain 


Vee = Rell + Tp) + IpRty + Var + (Ie + Iplftg 


(5.16) 


Fig. 5.13 An improved bias arrangement (collector to base bias cirenit). 


Also Te = Brly 
Solving for J, yields 
_ Vor -V 
1s ~ Ry +(1+ Bp Re + Ry) oan 
The quiescent collector current Jog is obtained by using I, = Spl, 
(Vor — Vag) 
Teo = 
The CO Ry +(1+ Bp Re + Re) sae 
_ Beer - Vag) : | 
Ry + ARc +R) (5.19) 
In general, BlRe + Rg) >> Rp (+ of large fr) 
Voc — V; 
Therefore, Teg = ik, (5.20) 


The value of Vegg can be obtained by writing KVL equation for the collector loop. 


Now, let us compare the stability of this circuit with that of fixed bias and self bias 
configurations. For this, rewrite the equation for J; obtained for all the three configurations 


(Vee — Vag) 


Fixed bias circuit: Ie = (6.21) 
Ry 
ee (Von — Vag) 
Self bias circuit: Ip = (5.22) 
©” Ry + (1+ Bp Rg 
Improved circuit: (Collector to base bias) 
Vier — V, 
= Pree —Vag) (5.23) 


. «Ra + fel Re +Rg) 
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It is easily seen from Eq. (5.21) of fixed biag cirewit that the collector current J- is highly 
sensitive to variations in fp. Comparing Eq. (5.22) and (5.23), it can be seen that the 
denominator in Eq. (5.23) will always be more than that in Eq. (5.22). Hence the collector 
to base bias circuit provides better stability against variations in jp. 


ff EXAMPLE 5.4 


Find Verg and [pg for the amplifier circuit shown in Fig. 5.14. Assume fp = 45. 


C,(10 pF) 10 uF 


Veep =-9V 
Fig. 5.14 Circuit for Example 5.4. 
Solution Applying KVL in the clockwise direction base emitter loop (capacitors C, and C, 
are open circuit under de conditions) 
—Ipity = Var + Veg = 0 
ica Veg — Vig 
Ry 


9-0.7 _ 
ae 
and I, + Aly 
= (45)(83) = 3.735 mA 
Writing KVL for the collector loop, we have 


-Ipfic - Vee + Vee = 0 


or Vee = Ver — Iofe 
= 9 = (3.785) (1.2) 
=452V 

5o Iog = 3.735 mA 


Vong = 4.52 V sass 
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il EXAMPLE 5.5 


Determine the @-point for the circuit shown in Fig. 5.15. Assume Sp = 120. 
Solution Note there are two supplies 
Vee and Ver in this circuit. The 
Thevenin's equivalent voltage Vp, and 
equivalent resistance Ay, at the base 
terminal is determined from the part of 
the circuit shown in Fig. 5.16(a). 


Here Ry = R, || Re Ma 
= (B.2) ||. (2.2) 
= 1.73 kf 
In Fig. 5.16(a), 
fs Vor + Ver 
A, +R, 
 (8.2+2.2) 10.4 
= 3.85 mA Fig. 5.15 Circuit for Example 5.5. 
5o Vag = IR, = Veg 
= (3.85)(2.2) — 20 = — 11.63 V 
Ver (+20 V) 
R,(6.2 ka) Base Ry (1.73 ki) 
+I > ' 
a ™ - [ wm k —_— 
Veg —— (20 V) | - Vas — 
= —r- 011.53 V) 
iE 
7 i - Vax (-20 V) 
(a) (hb) 


Fig. 5.16 (a) Circuit for determining Vgg and Rg (b) Simplified circuit for Example 5.5. 


The simplified complete circuit is shown in Fig. 5.16(b). Writing KVL for the base emitter 
loop gives 
—Vas — Ips — Vag — (Ue + Ig\Re + Veg = 0 


and Ip a Brly 
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Ver — Van -V 
7 I, =e AB BE 
Therefore, B Ry ++ Bp Re 
_20-11.53-0.7 
1.73 +{12101.8) 
_ 97 
219.53 
and Ie = Alp 
= (120)(35.39) = 4.25 mA 
KVL for the collector loop gives 
Vee - [Re - Veg = er + Iphtg - Veg = 


= 95.39 pA 


or Vee = Veco + Vee — iclfic + Re) — Iphe 
= 20 + 2.0 — (4.25)(4.5) — (35.39)(1.8) 
= 20.812 V 
#8 Vere = 90.812 V 
me D Ans. 
and leg = 4.25 mA 
oe EXAMPLE 5.6 


For the circuit shown in Fig. 5.17, determine Ap so that Jy = +2 mA. Assume fp = 49. 
Solution The current J; through Fz is: 


Vor (+12 V) 


Also fe = fe + Ip 
= (1+ Bly 


Therefore, I, = ie 
F 


2 

ee eee 
KVL for the indicated loop gives 
Vee — Rell, + Jp + Je) — RAD, + Ig) — Vag = 0 Fig. 6.17 ‘Circuit for Example 5.6. 
Dolving for Rp gives 


(f.Rg = Vag) 


2. Vor ~ Re Ui, +(1+ Bp ip) - Vig 


I, + tg 
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_ 12-2(28 +50 x 40)- 0.7 
3 28 + 40 

106.5 kQ 

Rp = 106.5 kQ Ans. 


@ EXAMPLE 5.7 


The circuit in Fig. 5.18 has to be designed to make V, = 0 V and Vegg = 3 V. Determine 
Re and Ry. Assume § = 200. 


Vee 46) 


Fig. 5.18 (a) Circuit for Example 5.7, (b) Simplified circuit. 


Solution The simplified circuit by replacing the voltage divider network using Thevenin's 
equivalent is shown in Fig. 5.18(b). 
It can be seen 

Ry = R, || Ro 


_ (90)(90) 
~ 90490 ~ a5 ko 


Applying KVL in the base emitter loop, 
Ips + Var + Uc + IplRe -6=0 (5.24) 
In the output loop, we can write 
—-Vero -(Ip + Igpig + 6 = 0 (5.25) 
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So Uc+ InRe=6-3=3V 
Now, from Eg. (5.24), we get 


Ip _ 6 - Vag - (Ie + In lite 


Rp 
6-0.7-3 
or Ip ar 
= 51.1 pA 
and I; = BI, 
= (200)(51.1) 
= 10.2 mA 
Also in the output loop, 
6-I[f-=0 
So Ra 
Ie 
6 
=——= 0.588 kQ 
The value of Ry can be calculated as: 
(io + Ipiig = 3 V 
Re 3 = 0.202 kih 


nd 
(10.2 451.1) 


Re = 0.588 k& 
R,=0.291ko| Ams 


fj EXAMPLE 5.8 


The amplifier circuit shown in Fig. 5.19(a) uses a pnp transistor, Determine Vero. Assume 
Be = 120, Var = -— 0.7 V. 


Solution First find Thevenin’s equivalent voltage, Vgp and resistance Fz: 
Vi, 
YI 
_ (OM-18) 
47 +10 
= -3.16 V 
and Rg = R, || Bs 


(47)(10) 
47+10 


= 8.24 kil 
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Applying KVL in the base emitter loop in the simplified circuit shown in Fig. 5.19(b). 


mae 9-18V 
s Re 
24 kid : o 4 ko 
Uy fr. 
10 uF Ry (8.24 kQ) 
AC input 
signal 
V v Ih 
! Ven — 2.16 ; 
ReS Lik a Ry 
¢ (1.1 kf) 
{al {b) 
Fig. 5.19 (a) Circuit for Example 5.8 and (b) Simplified circuit. 
—[pRe + Vag - Infig + Van = 0 
or +1 + fplafe + Var — Jahe + Vag = 0 
Solving for In, 
fa A 
BY Ry +(1 + Bp Re 
_ 3.16-0.7 
8.24 +(12101.1) 
= 0.0174 mA 
and Ie = Bly, 
= (120)(0,0174) = 2.08 mA 
In the collector emitter loop, 
—IpRy + Vex — fofte + Vor = 0 
= —18 + (2.08) (3.5) + (0.0174)(1.1) 
= —-10,7 V 
, Veeg =-— 10.7 Vo Ans. 


5.7 STABILITY FACTORS S(Ico), S(Vaz) AND S() 


In Section 5.5, we have seen that the operating point drifts due to (i) increase in Ip, with 
increase in temperature (ii) decrease in Vpag with increase in temperature, (iii) the variation 
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in § due to change of temperature or change of device. A bias circuit that is less sensitive 
to temperature variations is definitely preferred. The sensitivity of a circuit to variations 
with its parameters is usually measured in terms of stability factors. A stability factor S is 
defined for each of the parameters affecting bias stability as: 


Ar 
SUieg) = —— 
co Alea 


Al 
S(Vaee)=—£ 
BE AVie 


Ar 
Sif) =—& 
(ff) 


These stability factors* give the change in the collector current due to changes in Jem, Vag 
and § respectively. It is evident that a circuit which is relatively insensitive to temperature 
variations will have low stability factors. 


We now analyze stability factors for the various bias configurations discussed earlier. 


Stability factor S(I-q): The stability factor S(/-o) is the rate of change of J- with reverse 
saturation current Jp>, keeping the other two parameters Vee and § constant. Thus, 


of Ar 
StI nn )= et = c 
= dleg V nr demnst Aloo sae 


A simple mathematical expression can be found for SiJo). For a transistor biased in the 
active region, we know that 


Ie = Alg + (1 + Bleo** (5.27) 
Taking partial derivative w.r.t. [- and assuming § constant, 


dl dl 

1= §6—* +(1+ s)—22 2 
Pate +f dle (5.28) 
dl 1 

l= ——e 1 
Pa, 1% * sa) 


*In the literature, stability sa is usually defined as: 


_ AAIA 
AB/B 


is the ratio of relative variation in parameter A to the relative variation in parameter 8. In our 
discussion, however, we have defined the ratio of variation in parameter A when parameter B 
varies. It is so, since we are concerned with the Q-point obtained from: 

Vee = Veo - loeltc 
and we require absolute values (and not relative values) for Q-point parameter calculations. 
**There is no difference in fe and §, ag used here, and these are used interchangeably. 


Si 
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Therefore, Sing }= th (5.29) 
dip 


The value of differential aa in Eq. (5.29) depends upon the biasing configuration. Equation 
c 


(5.29) thus provides an alternative expression for finding S(Jp,) of a given circuit. 


Fixed-bias 
For the fixed bias circuit shown in Fig. 5.4, 
Ver - ¥; 
I, = 5. 
B Ry (5.30) 


From Eq. (5.30), it can be seen that the current J, is independent of J, hence ot is nero, 
i 
Putting the value of oe =o in Eq. (5.29), we obtain, 
¢ 


Soo) = 1 + 8 (5.31) 
If the value of § is 100, S{Zo5) = 101 which is quite large. The fixed bias circuit, therefore, 
has very poor thermal stability. 
Self bias circuit 
Rewriting Eq. (5.5) for the base loop of self bias circuit shown im Fig. 5.9(b), 
Van = Inftg + Vag + Uc + Inte (5.32) 
Differentiating Eq. (5.32) w.r.t. [- and assuming Vpg constant, we have 


al al 
O=-R, —2+R,|1+—2 . 
PT -( rad (5.39) 


al EK 
ial SRE ee 
So eee (5.34) 
Bubstituting the valus of = in Eq. (5.29), we obtain 
c 
a+) 


R 
1 aa: 
+A +H, 


SlIgg)= (5.35) 


Rre+k 
(1+ PR, + Rg 


1+R,/R 
afl + #)——_i—£.. 
2 een Re Jeet 


=(1+ §) 
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For ee | 


Sieg) = 1 
The value of the stability factor S(J¢q) increases with the increase of ratio Rp/R_ and 


becomes (1 + A) as Ap/Re + =. Typical variation of stability factor SU[p_) with the resistance 
ratio Ap/R, is shown in Fig. 5.20. 


Stloo) 
(1+ 


ssa +p| 2 >a+p] 
Me 


Be Ry 
S25, [1< FE <a+p) 


Fig. 5.20 Variation of stability factor S(Zpq) with the resistor 
ratio Ay/R, for the self bias configuration. 
Stability factor S(Vge) 
The variation of J- with Vege is given by the stability factor S(Vpe) and is. defined by 


: al Al. 
Ser) = 5 | ~ Wor man 
Vr tm ceamtaed BE 
where both J-, and # are considered constant. 
Fixed-bias 


For the fixed bias circuit, 


Var = ¥, 
In = se (5.38) 
Rp 
dl _ 
Therefore, S(Var)= ae. = Zz (5.39) 
Self-bias 
It ig seen that for self bias circuit 
Var = ¥, 


Ry +(1+ f)Re 
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df 
Thus, S(V,7) =—= 
Ls. BE dV ag 
_ -{ 
” Ry +(1+ BR ial) 
_ SIR 


” Ryle +(1 + B) mee 


If (1 + #) => ve and § >> 1, then 


E 
- fie 1 
(Vag )= ——= -.- — 
BE 1+, Ry (5.49) 


Better stability can be achieved by keeping the emitter resistance Ry high. 


Stability factor S(B) 
The stability factor S(§) is defined as: 


al 
S(p)=—£ = —£ (5.44 
‘ af fee af = cometant 4B ! 


The mathematical derivation of S(f§) is quite complex compared to that for SUI pp) and 
S(Vae). The derivation, therefore, is not included in the text. The result, however, for the 
more commonly used self bias configuration is: 


ip, (1+ Rg/ Rg) 
61+ By + Rp/Rz) 


Here, [ie and 6, define the parameters at the original condition and fs is the new value 
of beta. Equation (5.45) is also expressed as: 


ot f)= (5.45) 


IyS'Urg) 
S( 8) = ae (5.46) 
‘B All + By) 
where Seg) is the value of SUpp) at § = f. Using Eq. (5.36), we get 


1+R,/R 
S'Ian)=(1 os 5.47 
Upg) = * Alta +B! Re (5.47) 


Cumulative effect of Ing, Vag and f on the operating point stability 

Stability factors SU[pp), (Vag) and $(8) were defined in Section 5.7 as partial derivatives of 
the collector current J-¢ w.r.t. Ieg, Vag and f, respectively. Each of the partial derivatives 
were calculated with the other two parameters assumed constant. In a practical situation, 
however, it is more important to compute the total change in the collector current due to 
changes in all the three variable quantities J-p, Veg and 6 over a specified temperature 
change. Thus, by taking the total differential of 


Ie = fUleo. Vag. 2) (5.48) 
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We may write 


a, al ae 
al V, . 
Ale ar Alco t; aN BE + ap Ag (5.49) 
= SUrolAlco + SUVs Var + SUAAR (5.50) 


This equation appears to be complex, but it may be noted that each component is simply 
the stability factor for the given configuration multiplied by the change in the parameter 
between the temperature limits of interest. 

Many circuits for commercial applications are required to operate from 0° to 70°C and 
those used in aerospace, automatic and military applications must operate from —55°C to 
between 100°C and 150°C. Manufacturers provide device data for the range —65°C to 175°C 
to accomodate wide variety of applications. Table 5.1 shows the changes in Jpg, Vag and § 
with increase in temperature for a typical silicon transistor. 


Table 5.1 Variation of Silicon Transistor Parameters with Temperature 


i ae eee 


We now take a few examples to illustrate how to compute the total change in the 
collector current due to changes in the three parameters [->, Var and § over a specified 
temperature range. 


BR EXAMPLE 5.9 


For the circuit shown in Fig. 5.21, a silicon 
transistor with #= 50 at 25°C is used and it is 
desired that Veg = 5 V. Determine (i) Ry (i) 
the stability factor S(J-) (ii) the value of J at 
100°C. 

Solution Applying KVL to the collector 
emitter circuit, 

(i) 24 = 10 Ue + In) + Veg + 0.5 Ue + Ip) 
= 10.5 (1+ Alp +5 


24-5 


So I_= = 0.035 mA 
10.5 (51) 
and Ic = SOL 
= (500.035) = 1.75 mA — 
Also, Fig. 5-21 Circuit for Example 5.9. 


Vee = Jpg + Var 
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Vce ~ Vue 

Ip 
5-0.7 
0.035 
(i) Note that it is the improved collector to base bias circuit discussed earlier. The 


expression of S(/pq) derived for self-biased circuit is not valid here. We therefore first 
derive an expression for S(J-q) from the basic definition, that is, 


So Rep = 


= 122.8 kQ 


Sle )= 
writing KVL for the collector base circuit, 
Veo = Uc + Inte + Rg) + IpRy + Ver 
and using Ie = Bp +1 + Meo 
Eliminating J, and simplifying, we get 


rela. ARet Re) |g. py. » Acc ~ Var? 
c| * heehee Ry | Ove to eR, 
Differentiating w.r.t. Ipg, we get 


al 1+, 
SUp5) =—& = 
“'co) diego 4 gp Mc +Rg) 
RR, + Ry + Ry 
Putting the values, we get 

SUeo)= 51 

1450 10.5 

133.3 

51 

= =10.4 
14+3.9 


(ii) The incremental change in Jp at 100°C is 
Al = Slicg) Alco [From Table 5.1] 
= 10.4 (20 - 0.1) nA 
10.4 (19.9) = 0.2 mA 


il 


The value of J; at 100°C is 
Ie ec ~ 1.75 + 0.2 
= 1.95 mA 


EXAMPLE 5.10 


Determine the stability factor and the change in J- for temperature variation of 25°C to 
100°C for the self bias circuit. Assume § = 100. 


(i) Sieg) for Rpg = 10 
(ii) S(Vae) for Ry = 240 kot, Ry = 1 kf 
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Solution (i) Using Eq. (5.36), 


SUco)=(1+ 6) 12 a/R _ 


1+ 8+K,/ Rg 


(1410) 11 
=101 ————__ = 1011] ——} = 
(14100410) () a 


Ale = SilcolAleo 
= (10)(20 — 0.1) nA [Taking data from Table 5.1] 
= (10)(19.9) nA 
= 199 nA = 0.199 nA 
Gi) From Eq. (5.41) 
SV a8) = vat ARs 
___-100 
240+ (101 
-100 
~ 341 
and Ale = S(VegiAVae 
= (- 0.293 x 10*)(0.48 —- 0.65) fusing Table 5.1] 
= (- 0.293 x 10) /- 0.17) 


= Bi) yA 


=-0.293x10" 


EXAMPLE 5.11 


Determine 5() and the value of J, at 100°C, for a self bias circuit. Given: J, at 25°C = 2 mA 
and the ratio R,/Re = 10. Take data from Table 5.1. 


Solution From Eq. (5.45), 


J+ Ap / Re) 
8( #) = —— a 
i) All+ §,+Ryg/Re) 


_ 2x107(1 +10) 
51+ 80 +10) 
_ 22x10 
4550 
and Ale = S(a Ap) 
= 4.83 x 10° (80 - 50) 
= (4.83 x 1030) 
20.145mA 


= 4.83 x10 
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The value of J- at 100°C is: 


Toho = 2 + 0.145 
= 2.145 mA. 


EXAMPLE 6.12 


For the self biased circuit of Fig. 5. b), the ratio Rp/Ryg = 2 and Ag = 4.7 kil. The collector 
supply voltage Ver and A- are so adjusted to establish J- = 2 mA at 25°C (room temperature). 
Determine the variation of J; over the temperature range —65°C to 176°C for the silicon 
transistor. Take data required from Table 5.1. 


Solution At 25°C, § = 50, and Rp/R, = 2 (Given). 


Using Eq. (5.36), 
1+H#,/R 
I = (1 
SUco) hye 9+ a Ra Ry 
=51 1+? 989 

5l+2 
Using Eq. (5.41), 

- oR 


SV ap) ec =] + §+Ry/Ry 


_ -50/4.7 | 


= i 
a ae te 0.210 
Using Eq. (5.45), 
In(1+Rg/Rg) 
& Ayo oe eee 
(8) B+ Bo +Rg/ Rg) 
2% 1077 (1+ 2) 
sas SD Lene =“soae2042) = 52 ¥A 
2% 1077 (142) 
= SD havc = 50(1+1204+2) ee 
From Eq. (5.50) An = SUpplAlco + S(VaelAVae + S(BAB 


Taking data from Table 5.1, we get 
Ale (-65°) = 2.89(0.2 x 10-9 — 0.1910 — 0.2 x 10“40.85 — 0.65) + 5.2 x 10-* (20 — 50) 
= -2.89 x 0.099 x 10° - 0.2 x 10° x 0.2 - 5.2 x 10° x 30 
= -0.286 x 10° - 0.04 x 10° - 156 = 10% 
= -0.196286 mA 
and Ale (175°) = 2.83.3 x 10° — 0.1) x 10° -— 0.2 x 10-40.30 — 0.65) 
+ 6.2 = 10-7 (120 - 50) 
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= 2.89 x 3.3 = 10 «x 10-°+ 0.2 x 107% « 0.35 +5.2 x 10% 70 
= 9.537 x 10%+ 70 x 10° + 364 x 10° 
= 443.5 x 10° = 0.449 mA 
Hence, the collector current at -65°C is: 
= (2.0 — 0.196) = 1.804 mA 
That is, the collector current reduces. 
The collector current at 175°C is: 
= (2.0 + 0.443) = 2.443 mA 


Te |_ggee = 1-804 mA " 
ns. 


Ie Les = 2.443 mA 


5.8 BIASING TECHNIQUES FOR BJT INTEGRATED CIRCUITS (ICs) 


The various biasing circuits discussed earlier are not suitable for the design of IC amplifiers. 
These biasing circuits, in general, need two to three resistors of large values as well as large 
coupling and bypass capacitors. It is quite uneconomical to fabricate large values of resistors 
and impossible to fabricate large capacitors in IC circuits. The biasing of IC circuits, there- 
fore, is quite different from that employed in discrete BJT amplifiers. The biasing in inte- 
grated circuits is based on the use of constant current sources. In this section, we shall study 
various constant current sources. 


5.8.1 Constant Current Source (Current Mirror) 


A constant current source makes use of the fact that for a transistor in the active mode of 
operation, the collector current is relatively independent of the collector voltage. In the basic 
circuit shown in Fig. 5.22 transistors Q, and 
@; are matched as the circuit is fabricated 
using IC technology. It may be noted that 
bases and emitters of Q, and @, are tied 
together and thus have the same Vg-. In 
addition, transistor G, is connected as a di- 
ode by shorting its collector to base. 


The input current 1, flows through the 
diode-connected transistor @, and thus 
establishes a voltage across (),. This voltage 
in turn appears between the base and emitter 
of Qs. Since @, is identical to @),, the emitter 
current of @, will be equal to the emitter 
current of @, which is approximately equal 
to F- Thus, we can say that as long as G), 
is Maintained in the active region, its 
collector current I~, = Jf, will be Fig. 5.22 The basic BJT current 

murrer (Vary = Wires). 
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approximately equal to J, Since the output current J, is a reflection or mirror of the 
reference current [,,;, the circuit ia often referred to as a current mirror. 


This mirror effect is however, valid only for large values of £§ To study the effect of § on the 
operation of the current mirror circuit, we analyze it further. 


The collector currents [-, and Jp. for transistors @), and 6). can be approximately expressed 
as 
ley = tpl ee eh net "Ve (5.51) 


Views (Vp 


Teg = Opl ps e (5.52) 


From Eqs. (5.51) and (5.52), we may write 


Toa =e! sca ~ Yam! Vy (5,53) 
ley 
Since Var, = Vag. we obtain 
Tea = Jen = de = th 
Also since both the transistors are identical, §, = 4 = & KCL at the collector of @, gives 


Jret = Jey + Ip, + Ine (5.54) 
Ie Ip 
a a ee 
OB Bs 
f 9) 
af.~j1+—| Ocho} 
c( | ia 
Solving Eq. (5.55), [- may be expressed as: 
B 
[,. =———— J 
Cc B+2 ref (5.56) 
where J, from Fig. 5.22 can be seen to be 
foe “OM 9-2 (as Vag = 0.7 V is small) (5.57) 


It can be seen from Eq. (5.56) that, for 
B >> 1, #(8 + 2) is almost unity so that the 
output current J) is equal to the reference 
eurrent J; which for a given A, is constant. 
Typically J, varies by about 3% for 50 < 8 
s 200. 

The circuit, however, operates as a 
constant current source as long as @ remains 
in the active region. From the volt-ampere 
characteristics of @> shown in Fig. 5.23, it can 
be seen that for Vg, =< 0.3 V, @> is saturated, — . . 
For Vees > 0.8 V, transistor operates in the Verajeny = 9.3 V Vows 
active region and J;. is essentially constant. Fig. 5.23 


Teg 


Volt-ampere characteristics 
of transistor Gy. 
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The slight increase in Jr. is due to Early effect. The L/slope of the curve in this region equals 
to the reciprocal of the output resistance ry of the current source. 


The consequence of Early effect is to deviate [-,/Ic¢. from unity. This, however, is not 
being discussed here, For all practical purposes, Early voltage may be assumed to be infi- 
nite, so that ro —- » and Ips is constant. 


EXAMPLE 5.13 


The current mirror of Fig. 5.22 is to provide a 1.0 mA current with Ver = 10 V. Assume 
§=125 and Vag = 0.7 V. Determine (i) the value of R, (ii) value of R, for J- = 10 pA. 


Solution (i) From Eq. (5.56), we have 
125 810-07 


bd 


~ 164+2 Fy 
R, = 9.15 ka 
(ii) Again using Eq. (5.56), the value of R, is found to be 
125 10-0.7 
R, = 


at 
We find that for small values of output current, we require large resistance Fy. 


ims os 


5.8.2 Widlar Current Source 


The basic current mirror of Fig. 6.22 has a limitation. Whenever we need low value current 
source as in Example 5.13 part (b), the value of the resistance R, required is sufficiently 
high and can not be fabricated 
economically in IC circuits. Figure 6.24 
shows a widlar current source which is 
particularly suitable for low value of Leet 
currents. The circuit differs from the 
basic current mirror only in the fa 
resistance Ry that is included in the , 
emitter lead of Qs. It can be seen that 
due to Rp, the base-emitter voltage Vary 
is less than Var; and consequently 
current I, is smaller than fe. 

The ratio of collector currents J-, and 
feo using Eqs. (5.51) and (5.52) is given 


fy Ver 


Una + Icy) 


fea = gin = Vows Vp (5.58) Fig. 6.24 Widlar current source (Virgo s Ver. 
Tee 
Taking natural logarithm of both sides, we get 


Vary = Vir2 = Ve In (fas) (5.59) 
Cz 
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Writing KVL for the emitter base loop, 


Vari = Vas + (Ine + Ioifte (5 60) 
1 : Tog 5.61) 
or Vari — Var = —+1 Tegltg cit Iga = (5.61) 
f A 
From Eqs. (5.59) and (5.61), we obtain 
1 f 
= +1] FoaRe = V; In £1 (5.62) 
B Tea 
or Rigas 2 — ta (5.63) 
eae Ton Tea 
B 


A relation between J, and the reference current J, is obtained by writing KCL at the 
collector point of @, (node a): 


Jeet = Jey + Im + Jez (5.64) 
a [r+5] fa (5.65) 


(Assuming §, = 4,= § for identical transistors) 
In the widlar current source J, << J, therefore, the term J,_/ may be neglected in 
Eq. (5.65). Thus, 


1 
pane a (5.67) 
3 2 f+ = 
where Fone Noo Var (5.68) 
For # >> 1, ley = Leet (5.69) 
The design and advantages of Widlar current source are illustrated in Example 5.14. 


i EXAMPLE 5.14 


Design a Widlar current source for generating a constant current J) = 10 pA. Assume 
Vec= 10 V, Vag = 0.7 Me p= 125. Use Vr = 25 mV. 


Solution For the Widlar current source of Fig. 5.24, we must first decide a suitable value 
for Ty If we choose [., = 1.mA, then RA, is given by 
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The value of Rp is determined from Eq. (5.63): O Vier 


ae 0.028 in( 3) 
(1 2 }10 10% 
* jos x 


= 115 kf) 


It is clearly seen that Widlar circuit allows 
the generation of small constant using 
relatively small resistors. 


Modified Widlar Current Sources 


Sometimes, it is convenient to use emitter 
resistance in both the transistors Q, and Qs as 
shown in Fig. 5.25. If R, = Ry the currents I, 
= Jy. The circuit can also be used to provide 


different currents in @, and @,. — 
Analysis Fig. 5.25 <A current mirror with mag- 
Rewriting Eq. (5.53) as: nification (pop, = HRs). 
Wave Vi et, ace (5.70) 
ley 


Writing KVL in the base emitter loop, 


Var: — Varn =Jo®, -—feeh; (Neglecting base current) (5.71) 
From Eq. (5.71) and Eg. (5.72), we get 


TeaP~ TeaRs = Vp in 722 (5.72) 
Teg Ay V. = | 
262 22 =] — —L_ jp —22 (5.73) 
Ie BR, TaR, Tey 
I Zi Vr , i 
Tog _ i (, __Vr_ 1, fea (5.74) 
Im =F Tey Tey 


For the range 0.1 < fet <10, We Can assume ite a" Thus, even large ratio Jpe/Tq 
cl cl 


(say 10) is easily obtained by the modified circuit. 


5.8.3 Current Repeaters 


The basic current mirror of Fig. 5.22 can be used to source current to more than one load. 
Such a circuit is called current repeater and is shown in Fig. 5.26. If all the transistors are 
identical then the current 
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It can be seen from Fig. 5.26 at node a, 
fret = le + Ip + Nip (Assuming identical transistors) 


(5.75) 
Fig. 5.26 <A current repeater to source current to N transistors Q,, Q»y ... Qy. 
(1+N) 
a Ip - a Te 
ate [1 + JaR! (5.76) 
fil 
Thus, an eo (5.77) 
7 cw #414N 
It is possible to achieve different values of I-;, Ic, ..., ..-. [ey by scaling the emitter area 
of transistors @,, Qo, ..., ... Q@y. The same can also be achieved by using emitter resistance 


as illustrated by Example 5.15. 


@ EXAMPLE 5.15 


For the circuit shown in Fig. 5.27 determine /[-), J-_ and I-35. Assume § = 125, Vag = 0.7 V. 


1.94 kf 


Fig. 5.27 Circuit for Example 5.15. 
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9-0.7 
Soluti «= =0.277 mA 
Also at node a, 
Ter = fe + Wp (Assume Jp, of Widlar source negligible) 
a 
=te(1+5) 
: 
fco=l 
“(33 


Putting the values and solving, we get 
lea = Ing = 0.271 mA 
Calculate Jr3 using Eq. (2.74), gives 


194= 0.025 in 0.271 


1) tes 

lesa 1+ a) 

Solving the transcendental equation by trial and error, we obtain 
Teg = 0.0287 mA 


So, we see that it is possible to design a current source capable of giving different 
constant currents as per the requirement of different loads. 


5.8.4 Improved Current Source Circuits 


A good current source must meet two requirements. The first is that the output current, Ip 
should be independent of B and secondly the output resistance of the current source should 
be very high. The need for high output resistance current source can be seen because the 
common-mode gain of the differential amplifier (used as basic building block in op amps) can 
only be reduced by using high resistance current sources. Also, all differential amplifier 
invariably use current source as a load. Thus, to obtain high voltage gain a large output 
resistance load is required. Now, we discuss two circuits that exhibit reduced dependence on 
fi or increased output resistance. 


A current source with gain: The circuit shown in Fig. 5.28 includes a transistor @, whose 
emitter current supplies the base currents of @, and @,. The expression for the source 
current J, = Ic; can be derived by writing KCL at node a 


Teet = Tey + ps 


i 
=] Ei 
aries 


I 
= Tog +4 


i+ (Vaer = Vege ile =1c2 = Lo) (5.78) 


252 


Fig. 6.28 A current source with gain. 


Also Igg = Ip, + Ips 
= 2/5 (since @, and @, are identical) 


or 
Thus, Tet = le. + oF. (5.79) 


2i 
=-f.4—/e_ 
to + a4 B) 


=Tle 1+ 


3) 
BL + §) 


nt, Sate 
“Trt By A+ 2 


where Ing = ae 

It is easily seen from Eq. (5.80) that the output current is essentially independent of £. 
The output resistance of the current source is only rp. It can, however, be increased by using 
emitter resistances in @, and @, as is done in the modified Widlar source circuit in Fig. 6.25. 
The two emitter resistors can also be used to make J) different from J... 


Wilson current source: The final current source shown in Fig. 5.29 provides an output 
current J,, which is very nearly equal to J,,, and also exhibits a very high output resistance. 


Analysis 
Since Vari = Varz 


Tey = Tes 
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and In = Ign = Ip 
At node 6, 
Igy = 2ly + Ie 


2 
= (2 + 1}fes (5.81) 


Trg is also equal to 
digg = Dea + Ina 


=Tley f + ) (5.82) 


From Eqs. (5.81) and (5.82), we obtain 


lea(1+5 |=Iea(1+5 


Fig. 5.29 A Wilson current source. 


2 
hes =ta~( $2 Nhe (5.83) 
2 
to= (B22) Ia (5.84) 
At node a, 
Let = ley + Iga 
B+, , lo 
B+2° Bp 
_f+2h+2, 
pr+2p ° 
__p' +28 
or I #eape2 (5.85) 
where bg (5.86) 
The difference I : (5.87) 


is extremely small error for modest values of # The output resistance of a Wilson current 


mirror is substantially greater (= p2) than that of the simple current mirror or Widlar 


current mirror. 
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EXAMPLE 5.16 


For the circuit shown in Fig. 5.30, determine the 
value of J, for § = 100. Assume Veg =0.7 V. 


Solution 
Writing KVL for the indicated loop 


5 — Vag — 10x Ia t+ 5 = 0 


1, =2° =07 Pe 


At emitter node £, 
Tet = 2I¢ 
(Assuming identical transistors) 
fret = 2UI¢ + Ip) 


=2Ip [1s +) ae 3 
8 Fig. 5.30 Cirewit for Example 5.16. 


Then Ip = 0.46 mA 


__f i; 
21+ 6) ™ 
Due te mirror effect 


a EXAMPLE 5.17 


For the circuit shown in Fig. 5.31, 
(i) Determine J, and Je. 
(ii) Find Re so that Vp = 6 V. Assume A= 200. 


Solution (i) I.¢= 12 a =0.75 mA 
and he= i = 0.25 mA 


At node a, 


Fret = fey + Oly + Ly 


Tey [1 + ab i, 


‘O75 = In t + | + 0.25 


Fig. 5.41 Circuit for Example 5.17. 
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Solving for I gives 
Ie, = 0.495 mA 
= 0.5 mA 


and Tegel, = 0.5 mA (due to mirror effect) 
(ii) From the outer loop, 
12 = Iolite + Vo 


12-6 
Sg Re = —— =12k0 
0.5 


EXAMPLE 5.18 


Figure 5.32 shows a modified current mirror circuit. Determine the emitter current in 
transistor @, if 8 = 100 and Vge = 0.75 V. 


Solution From Fig. 5.33 at node a, 
i= Tri + I, 


= ley + Tay + I 
1 ’ 
or I=o(1+4)+1 


=f 40," (as B >> 1) 


o-10¥ 
Fig. 5.32 Circuit of Example 5.18. 
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Also at node 6, 
li =lat kh 
= Trg + Ine + Ips 


1 
= Ing | 1+—|+T 
al 7 ™ 
=leq + Ipg 
Putting the value of J,", we get 
I= Ie + leq + Ips 
=2le+Is3 [as Iq = Je = Id 
= e(2+5)= atc 
B 
The current J is given by 
[ = ————_. = ——_=1.97 mA 


The collector current of @; is equal to the collector current of @, and @, due to mirror 
action. Therefore, the emitter current is given as 


Teg =log = Ie -4=0.98mA 


® <A transistor when used as an amplifier must be biased in the active region of 
operation to ensure distortion free output waveform. 


e The operating point usually shifts with the change in temperature as transistor 
parameters [po, Vag and § are all functions of temperature. 


® A fixed bias circuit makes the base current constant whereas J; and Veg vary. 
Therefore, it does not provide a stable operating point against temperature variation 
or change of device. 


e The emitter resistance Ae in the self bias circuit provides the negative feedback 
action and thus stabilizes the Q-point. 


# A couplng capacitor is used to block de signals. Its value should be sufficiently high 
so that it is short circuited at all the frequencies of interest. 


@ For stable operating point in a self bias circuit, 
Ves >> Vag 
(1 + AR; >> Ry 
where Vg, and A, are the Thevenin's equivalent voltage and equivalent resistance 
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e The sensitivity of a circuit to variation in parameters Ippo, Vag and § is measured 
in terms of stability factors. The three stability factors are defined as: 


Stleg) = ac 
CO Wap f= constant 
S(V ae) = we 
BE | P25, constant 
and s(p)= Se 
8 loos ¥ ex = pena ret 


The minimum possible value of stability factor is 1. 
@ The expression for the various stability factors for the self bias circuit are: 


1+R,/R 
Sno) = (1+ 6) ——_—_2 2 
Uoo)=¢ PTT RRs 
- BIR 
V. =] 
Vas) 1+ f8+Ry/Re 


I(1+ Ry / Rp) 
Sel lial) il! Ce 
ai) A(l+ 4, + Rp/ Re) 
® The total change in the collector current due to the variations in Igo, Vag and ff over 
a specified temperature range is given by 
Ale = 5(leq) Aloo + S(Vex) AVex + Sif) 46 
® Acurrent mirror is used for biasing IC circuits as it uses smaller values of resistors 
compared to discrete-biasing circuits. 
® The output current in a current mirror is equal to reference current for large § and 
varies by about 3% for 50 = #< 200. 
@ A Widlar current sources can provide low values of currents and high output resis- 
tance compared to basic current mirror. 
A current repeater can source current into more than one load. 
A Wilson current mirror is better than Widlar current source as (i) difference (J, — D0) 
is extremely small even for the modest values of f (ii) output resistance is higher 
than Widler current source. 


5.1 Name the ratings that limit the range of operation of a transistor. 


5.2 What type of output waveform is obtained for a sinusoidal input to a CE amplifier 
when no dec bias is applied to emitter base junction. 


o.6 


5.10 
5.11 
5.12 
5.13 


5.15 
5.16 
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Name the region in which a transistor is biased when used as (i) amplifier (i) a switch. 
Why ac signal source is connected to the amplifier through a coupling capacitor? Give 
its suitable value. 

Explain the limitation of a fixed bias circuit. 

Explain the difference in de and ac load lines. Is de load larger or smaller than the 
ac load? 

List the causes of variation of collector current in an amplifier. 

Explain qualitatively why a self bias circuit is an improvement over the fixed bias 
circuit. 

Explain how the @-point is obtained graphically. 

Define the three stability factors. 

Stability factor of a circuit should be large or small? 

Can stability factor be less than 1? 

Give the temperature range over which manufacturers usually provide the data for a 
transistor. 

Why the bias circuits used for discrete component amplifiers is not suitable for 
integrated circuits? 

Sketch the basic current mirror and explain how it works as a constant current source. 
Explain the limitations of the basic current mirror. Discuss a circuit that will overcome these. 
Explain the advantages of a Wilson current mirror over a Widlar current source. 


For a fixed bias circuit some information is provided in Fig. P-1. Determine: (a) Jp, 
(b) Veg, (c) & (d) Rp. 
(Ans: 3.98 mA, 15.96 V, 199, 763 kQ) 


P5.2 


P5.3 
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In an emitter stabilized bias circuit, value of some of the voltages and currents are 
shown in Fig. P-2. Determine: (a) § (b) Ver, (c) Ap. 
(Ans: 153.3, 17.6 V, 740 kM) 


Fig. P-2 


For the three self-bias circuits shown in Fig. P-3, compute all the unknown quantities 
in the figures, 

(Ans: for (a) part only: [pg = 1.6 mA, Jp = 0.02 mA, 

Ve = 0.76 ¥V, Ve =i1.1 V, Vege = 8.66 V) 
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P5.4 = For the collector to base bias circuit shown in Fig. P-4 determine (a) Ve, (b) S{Inp). 
Assume ff = 120. 


(Ans: 9.952 V, 53) 


Fig. P44 


P5.5 Derive an expression for the stability factor S{J,,) for the circuit shown in Fig. P-5. 


oq — 1+ ALAR, + B+ RelA, +R, + Ry) 
[Anes RR, + (1+ AIR Re + Rg(R, + Ry + Re) 


Vor 


Re 


Fig. P-5 
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P5.6 A transformer coupled amplifier stage is shown in Fig. P-6. Given: Vegg= 4 V, f= 50 
and Vag = 0.7 V. Determine (a) Rp, (b) Sigg). 


(Ans: Rp = 2.74 kO, S = 1) 


Fig. P-6 


P5.7 Ina self biased circuit, the Q-point is established at V-~ = 12 V and J; = 1.5 mA. 
Determine Re, R, and Ry so that SiIqp) = 3. Assume: f= 50, Vge=0.7 V, Vig = 22.5 V. 
(Ans: R, = 22.8 kf, Ry = 3.4 kf), Reg = 1.4 kf) 
P5.8 For a self-bias circuit, Rg = 1 kQ, Ry = FR, || R; = 7.75 kQ. The collector current J, 
is 1.5 mA at 25°C. Determine the value of J; at -65°C and 175°C. 
(Ame: 1.12 mA, 2.18 mA) 
P5.9 Design a self bias circuit for the case Ve- = 9 V to provide 1/3(Vp-) across each of 
Ry and Ry, Ig = 0.5 mA and the current through the voltage divider 0.2/, Assume 
Bhas very large value. 
(Ans: Ro = Reg =6 kQ, RA, = 53 kQ, BR, = 37 kO) 
P5.10 Ina self bias circuit, let f- = 5.6 hk, Re = 1 kf, RF, = 90 kfL, BR, = 10 kf. and J-=1.5 
mA at 25°C. Using Table 5.1, find J; at -65°C and 175°C, 
(Ans: 1.104 mA, 2.22 mA) 
P5.11 For the current mirror shown in Fig. P-11, determine FA so that J, = 100 pA. 


(Ans: 137.5 kf) 


15¥ 


Fig. P-11 
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P5.12 In the circuit of Fig. P-12, Jp = 50 wA. What is the ratio R,/R, needed for J, = 100 wA. 
(Ans: RR mm 2) 


Fig. P-12 


P5.13 A modified current mirror is shown in Fig. P-13. Calculate (a) the current through 
the collector resistor A;, (b) the collector current through each transistor. Assume: 
Veg = 0.7 V and #= 100. 


(Ans: 7.5 mA, 2.5 mA) 


Fig. P-13 


CHAPTER 


BJT Amplifiers 


6.1 INTRODUCTION 


BJT (Bipolar Junction Transistor) and FET (Field Effect Transistor) are the two most 
important semiconductor devices used for the amplification and switching applications. As 
an example, speech signals are amplified in a public address system where signal from the 
microphone is amplified by a cascaded amplifier stages and fed to speaker. Similarly, 
amplifiers are needed in radios, record players, TV etc. The switching applications of the 
transistor are in digital circuits, computers and memories etc. In Chapters 4 and 5, the volt- 
ampere characteristics of a BT, need for de biasing and various biasing circuits were discussed. 
In this chapter, we discuss the use of a BJT as an amplifier in different configurations such 
as CE, CB and CC configurations and study their comparative performance. 

A transistor operates linearly for small input signals, so a small signal model of the 
transistor has been developed in the active region of operation. There are three different 
models used for the small signal ac analysis of transistor amplifiers: h-parameter model, 
hybrid-2 model and r, (or J) model. The use of these models for performing ac analysis of 
amplifier circuits has been illustrated by a number of solved examples. Graphical analysis 
though cumbersome and rarely used, but it gives an insight into the working of the circuit, 
is also discussed. 

All the transistor amplifier circuits are examined at audio frequencies where the inter- 
nal capacitances of the transistor and the coupling and by-pass capacitors can be neglected. 
The analysis of the transistor amplifier at very low and very high frequencies is discussed 
later in the Chapter 9. 


6.2 SMALL SIGNAL MODELS OF A BJT 


There are three small signal models of a BJT in use: 
(i) A-parameter model, (i) hybrid-# model and (ii) r,-model. 
263 
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The A-parameter model is used extensively for transistor circuit ac analysis as 
h-parameters are usually specified by the manufacturers in the data sheets. However, it has 
the limitation that the A-parameters are specified by the manufacturer only at a typical 
operating point, whereas the circuit to be analyzed may be operating at a different operating 
point. Thus, the use of 4-parameter model as an equivalent circuit of transistor does not 
provide exact analysis. On the other hand, the parameters of hybrid-z model or r,-model can 
be determined at the given de operating conditions and, therefore, are not limited by a single 
set of operating specifications provided by the manufacturer. Thus, the use of hybrid-x or 
r,-model for ac analysis of transistor circuits provides more accurate analysis. 

All the three models are used extensively in literature and industry. We have, therefore, 
examined all the three small signal models of the BJT in this chapter. 


Notation 
Since the BJT (and also the diode) circuits require both de and ac currents and voltages in 
analysis, it will be appropriate to follow a universally used notation given as: 
Tz or Vg: denotes de part of base current and base voltage (Also implies Jpg and Vag, 
i.e., the quiescent values) 
i, Or vy: denotes ac part of base current and base voltage 
i, or V,: denotes the rms values of base current and base voltage 
ig or Up: denotes (ac + de) values collectively, Le., 
ip = Tp + iy 
and Up = Vp + Uy, 


We use similar notations for quantities referring to emitter and collector. 


6.2.1 The Hybrid A-parameter Model 


The A-parameter model for a transistor is obtained by first describing the hybrid-A model 
for a general two-port system. Any two-port active device such as a transistor or transformer 
can be specified by input and output voltages and currents as shown in Fig. 6.1. 


f 
1 —+ at 2 


Fig. 6.1 Two-port system. 


In Fig. 6.1, V), I, Vz and J; are the rms (or effective) values of the ac voltages and 
currents, As we are doing ac analysis of the transistor, all the voltages and currents are ac 
signals only and can be represented either as vy, fj, Ug and iy or by their rms values Vj, Jj, 
VY, and J,. Depending upon the device, two of these four quantities are selected as indepen- 
dent variables. For example, if the two-port device is a transformer then the input and 
output voltages (V,; and V;) are chosen as independent variables because this ratio is a 
constant and equal to the transformer turns ratio. For a transistor, input current J, and 
output voltage V, are usually chosen as independent variables. We may write, in general: 


Chapter 6_ BJT Ampiiiers eee... 


Vi = Ayu, + AyeVs (6.1) 
Ih = hal, + hagVo (6.2) 


The four parameters, A,,, Ayo, Ag; and Ags in Eqns. (6.1) and (6.2) have different dimensions 
and that is the reason that these parameters are also called hybrid (mixed) parameters 
or in brief A-parameters. It will further be seen that two of these parameters, A,, and Ag, 
are short circuit parameters and the remaining two, that is A,. and Ag, are open circuit 
parameters. 


If Vz = 0 in Eq. (6.1) (i.e. output port is short circuited), solving for A,, gives 


V, | 


hy) = (6.3) 


hi vy <0 
It is easily seen that the parameter A,, is an impedance parameter and has the units 
of ohms. Further, since A,, is the ratio of input voltage and input current with output 
shorted, Ay, is called the short circuit input impedance. The subscript 11 in A), indicates 
that this parameter is determined by measuring quantities at the input terminals. 
If, J, 1s made equal to zero in Eq. (6.1) by opening the input terminals, we get 
V, 
hyg = (6.4) 
Va |p, «0 
The parameter A,. has no dimensions as it is the ratio of two voltages only. The sub- 
script 12 in Ay» indicates that the parameter is a transfer quantity and relates input and 
output quantities. This parameter is called open circuit reverse transfer voltage ratio 
as it is the ratio of input voltage to output voltage. 


Similarly, the parameters As, and Ag, are obtained from Eg. (6.2) and are defined as 
follows: 


| 
(6.5) 
1 iV, =0 

This parameter is also dimensionless (like A,s} and is referred to as short circuit 
forward current gain. The fourth parameter, ho is given by 


Agg = (6.6) 
The parameter jes has the units of conductance and is called output conductance 
with input open circuited. 
There is an alternative notation for the subscripts used with A which is more convenient 
and practical and is recommended by the IEEE standards: 
A,, = Input resistance A; 
hyz = Reverse transfer voltage ratio A, 
Ag, = Forward transfer current gain A; 
he, = Output conductance A, 


The terminal Eqs. (6.1) and (6.2) of the two-port device can be rewritten Sera the 
suggested practical notation as: 
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= hy + h.Ve (6.7) 
Ig = hl, + AV (6.8) 


An ac equivalent circuit for the basic two-port device characterized by Eqs. (6.7) and 
(6.8) is shown in Fig. 6.2. 


wi, oh 


Fig. 6.2 ac equivalent circuit or 4-model for a two-port device. 


The device of our interest here is a transistor which can be used in three different 
configurations, i.e., CE, CC and CB. In order to identify the mode of operation of transistor, 
another subscript ¢, ¢ or 6 is added in each of the A-parameters for CE, CC and CB, 


respectively. 
Thus, the hybrid A-model of a transistor in CE configuration can be obtained by first 
writing the terminal equations using the graphical symbol shown in Fig. 6.3(a) as: 
Vie = Aiely + AreViee (6.9) 
I, = igh, + haVee (6.10) 
All the voltages and currents in these equations are the rms values of the ac signals as 
per the notation used. 
The A-parameter model drawn using Eqns. (6.9) and (6.10) is shown in Fig. 6.3(b). 


i 
—, A, — Cc 


= 
MM 


Fig. 6.3 (CE configuration (a) graphic symbol, (b) A-parameter model. 


In order to obtain hybrid A-model for any configuration, first draw the graphic symbol, 
indicate input and output voltages and currents, and write down the terminal equations. So, 
the terminal equations for a CB connected transistor [by using input quantities V,,, J, and 
the output quantities V. and J., as shown in graphic symbol Fig. 6.4(a)) can be written as: 
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Vin = hal, + Ann (6.1 la) 
In = -I, = hal, + horVin (6.1 1b) 


The corresponding A-model is also shown in Fig. 6.4(b). Note that the output current J, 
in this case is equal to —f, (since J> has been assumed entering into the output port in the 


general analysis). 


I 
ess —- Cc 


(a) 
Fig. 6.4 CB configuration (a) graphic symbol (b) A-parameter model. 


Similarly, we can draw the A-model for a CC transistor from its graphic symbol shown 
in the Fig. 6.5, using the terminal equations given as 


Vie = hiedi, + FieeVee (6,128) 
Ip = -I, = hig ly + eVox (6.12b) 


Fig. 6.5 CC configuration (a) graphic symbol (b) hybrid A-model. 


Tt is possible to calculate 4-parameters for a given Q-point from the output and input 
characteristics of transistor by using the definitions of the parameters. Thus the parameters 
Ay, and A,, can be determined from the input characteristics and the parameters Ay, and h,, 
are obtained from the output collector characteristics of a transistor in CE configuration. 

The calculation of parameters A, and h,, from the output characteristics is shown in 
Fig. 6.6(a). We want to determine the A parameters at the quiescent point of operation. The 
definitions of Ay and A,, are given by 
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_ Big ral (6.13) 
Mr dig Alp og seonstant 
and oe file (6.14) 
ie Wee Aveg fg =conetand 


where the various voltages and currents represent the total values, that is, de component 
plus ac component. Thus, ic = i, + [eg and so on. 


The symbol A in Eqns. (6.13) and (6.14) refers to a small change of the quantity around 
the @-point. So, in Fig. 6.6(a) 


(6.15) 


Fig. 6.6(a) Calculation of Ay and 4,, from CE output characteristics. 


Thus, at the Q-point (8.4 V, 15 wA) shown in Fig. 6.6(a), the value of A, is: 


2.7-1.7 
ae | = 100 
Alp Vice 20-10 og 3. 
1 24=— 2.1 
and Hog 2 aera = 60 pA/V 
Sicg |;, 10-6 Tg =15 aA 


To determine the parameters A; and A,,, the Q-point is first located on the input 
characteristics as shown in Fig. 6.6(b). The parameter A,, is calculated by finding the change 
in base current ig for a small change in Vag as: 


= dvpe ‘ia Avge | (6 16) 


Chapter 6 BJT Amplifiers 269 


— Mae? — Yee 
tpg ~ tm 


(6.17) 
Veg =Vigg 


Thus, on the input characteristics shown in Fig. 6.6(b), for Veg = §.4V, plotted by interpo- 
lation, if not available at the desired value of Vor 


a _ (730 -715) mV cakes 


(20-10)HA Wy. aay 


The value of A,, can similarly be computed using its definition. For higher accuracy, the 
changes about the @-point should be made as small ag possible. 


ig(w) 
Veg = a4 ¥ 


15 


10 


ad has s ann v 


Fig. 6.6(b) Computing A, and A,, from the input characteristics. 


There are two important facts which need to be mentioned about the A-parameters. 
Firstly, that the values of h-parameters depend upon the Q-point and secondly, A-param- 
eters vary with temperature. Most of the transistor specification sheets provide curves 
giving the variation of h-parameters with the collector current and junction temperature. 

It may further be emphasized that the h-parameter model of the transistor as its ac 
equivalent circuit is valid only for small input signals. The ac input signal should be small 
enough so that the variation of voltages/currents about the Q-point are sufficiently small. 
Then only the transistor parameters can be assumed to be constant over the signal excur- 
sion. 

The use of h-parameters model as ac equivalent circuit of transistor has many advan- 
tages. The A-parameters are: 


1. real numbers at audio frequencies (as all the internal capacitances of a transistor 
are sufficiently low and can be neglected at low frequencies) 
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2. easy to measure experimentally 
%. can be computed from transistor static characteristics. 


The manufacturers usually specify h-parameters in data sheets and this is one reason 
that h-parameter model is extensively used for circuit analysis and design. Table 6.1 gives 
the values of h-parameters of a typical transistor in CE, CC and CB configurations. 


Table 6.1 Typical A-parameter values for a transistor 
(at J- = 1.0 mA, Veg = 10 V, f = 1 kHz) 


21.6 {2 
2.59 x 107° 


—0.98 


25 WAV 0.49 pA/V 
40 K 2.04 M 


Some of the transistor manufacturers specify all the four CE-h-parameters only. whereas 
others specify mixed parameters hy, Ay, hy, and h,,. Given any four A-parameters, it is 
possible to compute the other parameters by the conversion formulas given in Table 6.2. 
These formulas can be easily verified by using the definition of the parameters and Kirchoifs 
laws. The exact conversion formulas are quite complicated and for all practical purposes, it 
is sufficient to use only the approximate conversion formulas of Table 6.2. 


Table 6.2 Approximate Conversion Formulas for h-Parameters 


Fie = Figt h,.=1 
fg = (1 + igh: Proc = Poe 


@ EXAMPLE 6.1 6.1 


Prove the CE to CC A-parameters conversion formulae given in Table 6.2. 


Solution: In order to derive the conversion formulae, the CE A-parameter model is shown 
again in Fig. 6.7(a) to simplify the analysis. Now, by using the definitions of the CC 
h-parameters from Fig. 6.7(b) perform the computation as shown. 


'The CE parameters in terms of the CB parameters are obtained by interchanging the subscripts 
& and e. 
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Fig. 6.7 (a) CE A-parameter model, (b) A transistor in CC configuration. 


By definition, from Fig. 6.7(b), 


If we short the output terminals C and E in Fig. 6.7(a) 50 as to make V,,.. = 0, it is easily 
seen that the collector terminal C is at the same potential as E. Further, with V,, = 0, A,,V,, 
is also zero. So, we may write that 


Similarly, hy. al Wl, = -I, for CC mode) 
b a) 


From Fig. 6.7(a), for V,, = 0, f, = Agdp. 


ny he = Sxl) 
iy hess 
= -(1 + hg) 
Vi 
Now, h, = te (for CC mode) 
Veo |i, =0 
- Situ] -(1 | 
a = 
,=o = ,= 0 
or he =(1- Yee] (V,, = -V..) 
= f,=0 


=1-h, =1 (using definition of h,,) 
The value of 4,, is usually very smal] (2.5 x 10+) and hence can be neglected. 
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: I I 
Finally, h,. = —— 
Lat i,=0 ba f,=0 
(I, +1) I I | 
=. hE =——t =— (V. — Vx) 
Vee i,=0 Vee I, = Vee i,=0 7 


which is equal to A, 
So Roe = Ray 
Thus, we can summarize: 
hig = Big} Mhye = 1 ~ Ig =I 
Ie = AL + Ig; Mac = Ie 
Hence proved. 


6.2.2 Hybrid-7 Model 


The hybrid-« model is a very widely used model developed for a BJT in CE configuration 
and is shown in Fig. 6.8. The parameters g,, and r, in this model] depend upon the value 
of de quiescent current J-g and hence provide more accurate analysis of the transistor. The 
model is applicable to both pnp and npn transistors without change of polarities. 


E E 
Fig. 6.8 Hybrid-¢ model of a transistor in CE configuration, at low frequencies. 


In this model, transistor is represented as a voltage controlled current source. The 
significance of the various elements in this model is: 


Fr, = is called the base spreading resistance and is the ohmic resistance of the base 
region. Base region of the transistor is very thin compared to the emitter and 
collector regions and its resistance lies between 40 to 400 ©. The ohmic resistance 
of the emitter/collector is usually of the order of 10 Q and can be neglected in 
comparizon to that of base region. 


Fr, = represents the incremental resistance of the emitter-base diode which is forward- 
biased in the active region of operation. (The incremental resistance for forward 
biased diode was denoted by rj). 
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r, = accounts for the feedback from output to input due to base width modulation or 
early effect. The value of r, is usually very high (several mega ohms) and will 
be neglected in the analysis henceforth. 

r, = is the output resistance and is also due to early effect. Its value is given by r, 
= Valleg where V4 is the early voltage and Jpg is the collector de quiescent 
current. Typical values of r, are tens of kilohms to hundreds of kilohmes. 

Bee = any small signal voltage v, at the emitter junction results in a signal collector 
current g,,0, when collector is shorted to emitter (for ac conditions). BJT is 
represented as a voltage controlled current source, where controlled current is 
£,,U, the controlling voltage is v, and g,, represents the transconductance of the 
transistor. 


An alternative hybrid-# model can be developed by expressing the controlled current 
gource (g,,,) in terms of the input base current i,. In Fig. 6.8, it can be seen that 


t= lgle (6.18) 
For v,, = 0, that is under short circuit conditions at the output, 
ip = KmU_ (a8 Fo is shorted) (6.19) 
= Rul lb 
or we = Bal (6.20)- 
Th 
Here, a new parameter A, is introduced as: 
B, = =e. (6.21) 
Aly Veg =constant = Vigy 
ae 
~ 6.23 
Reus (6.22) 
Thus, | fh ™ Talim 
and . ie = Poly 


The parameter A) is called the ac common emitter forward short circuit current 
gain and is the same as A, in the CE A-parameter model. The alternate hybrid-a model is 
shown in Fig. 6.9. In this model, transistor is represented as a current controlled current 
source, with the controlling current being i,, and the controlled current 4)i,. The feed back 
resistance r, is usually very high and is neglected in general. The use of this model simplifies 
the analysis as we shall see later. 


*It may be mentioned here that there is no physical short circuit between the output terminals. 
It only means that there are no incremental changes and Vg is constant. 
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EY oF 


Fig. 6.9 An alternate hybrid-2# model which represents BJT as a current 
controlled current source. 


Transconductance g,,: The parameter g,,, gives the incremental change in collector current 
i; about the operating point produced by incremental charge in the base emitter voltage upp. 
Thus, g,, can be expressed as, 


be a5 Pas (6.23) 
Consider an ac signal v,, applied at the input of an npn transistor biased for active region 
of operation as shown in Fig. 6.10. 
The total instantaneous base-emitter voltage vpe iz: 
Ung = Vag + Ute 
The collector current is given by 


ip = I,et Yr 
= [je Var!¥e) ote iVr (6.24) 
Here de collector current Ipg is: 
log = Ie = Te%e'r (6.25) 
bo Eqn. (6.24) can be written as: 
ig = Ipge™'"t (6.26) 


For Upe << Vn, we may approximate Eq. (6.26) a8: ye gio An npn cnicliat amplifier 
= Une for computation of g,,. 
ic = Teg [1 + ce (6.27) transconductance. 


where we have retained only the first two terms of the exponential expansion. This approxi- 
mation is valid only for v,, less than about 10 mV and is referred to as small signal 
approximation. Thus, Eq. (6.27) can be rewritten as: 


: I 
le = Tog +e (6.28) 
T 


The collector current has two components, the de bias current Jpg and the signal 
component i, where 

I 
7 “Oe te 


ak (6.29) 
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Using Eqn. (6.23), the value of the transconductance is given by 
I 
= 6. 
At room temperature (T = 293 K), Vr = 7711,600 = 25 mV, 


I 
En = a (6.31) 


a EXAMPLE 6.2 


A BJT is operating at a base current of 7.6 pA and a 4, of 104. Find the values of r, and g,,,. 
Solution: Given Jpg = 7.6 pA 
Therefore, Teg = Ail ne 

= 104 x 7.6 = 790.4 pA 


and ;, =~ 


790. 
So Em =. «= 31.6 mA/V (Vy = 25 mV] 


104 
Also y,= fo = 04 _ sogko 
= 31.6 


6.2.3 9r.-Model (T-Model) 


Although h-parameter model or hybrid-# model can be used to carry out small signal analysis 
of all types of transistor circuits, there are situations in which r,-model is found to be more 
convenient for the analysis. Figure 6.11 shows the two versions of r,-model used. The model 
of Fig. 6.11(a) represents the BJT as a voltage controlled current source given by z,,V,, with 
the control voltage v,,. The resistance r, in the model represents the ac incremental (dynamic) 
resistance of the emitter base diode which is forward biased and depends upon the de 
emitter current Jpg and is given by 


,=—* (6.32) 


*Note that for the case of diodes we have found that (see Eq. 2.22) 


_ Vy 
ri ig 
For the case of BJTs we always asaume 9 = 1, and here the diode current Jp, (at quiescent point) 
is replaced by I and rz renamed as r, giving us 
_=Ye 
Ip 
Clearly, r, depends on the voltage Vy (and, therefore, on temperature T) and the quiescent 


current /pe (since Jy implies DC part of the net emitter current that is the quiescent value of the 
total emitter current). 


Fig. 6.11(a) Two versions of r,-model (a) voltage controlled current source 
representation, (b) current controlled current source representation. 


1 
and Em = Hy (6.33) 
T 


Another version of the r, model can be obtained if g,,v,, is expressed in terms of the 
emitter current as 


I Vv; 
= f=) 2 || = |; 
BmUbe = Bin \% ty) Caf }. 


=i, =i, (6.34) 
Eq 


The alternative r,-model is shown in Fig. 6.11(b) where transistor is represented as a 
current controlled current sources. There is one more popular r,-model for a transistor in CE 
configuration and is shown in Fig. 6.11(c). The derivation of the model is obtained as follows: 

In Fig. 6.11(a), the current i, is given by 


i, = 1, + 
=i, + §% (using i, = i,) 
=(1+ Ay, 
=Bi, (for & >> 1) (6.35) 
Further, Ube = bete = Botpre (6.36) 
Therefore, the input resistance A, is: 
R; = “be = Polofe 
ty ty 
= Are (6.37) 


Using the fact that the input impedance is f,r,, and that the collector current is ,i,, 
equivalent model for the transistor in CE configuration may be shown as in Fig. 6.11(c). 
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Fig. 6.11(c) Another popular version of r,-model. 


In the various versions of r,-model, the output resistance r, has not been included. If the 
value of r, is available, then it can be included in the analysis as shown by dotted r, in 
Fig. 6.11(c). It can further be seen that r,-model given in Fig. 6.11(c) is similar to the hybrid-r 
model of Fig. 6.9. As 


Tag Tog Em 
The value of r, in hybrid-x model is usually very small compared to r, and is neglected. Thus 
both these models are same basically. 


High Frequency Model of BJT . 

The various models discussed earlier for a BJT are suitable at the audio range of frequencies 
where the internal capacitance of a BJT can be neglected. It is assumed that transistor 
action is instantaneous and the output appears as soon as the input signal is applied. 
However, transistors exhibit charge storage phenomenon that limits the speed and frequency 
of operation. We have earlier seen in the study of pn junctions that two types of capacitances 
that is diffusion capacitance (Cp) and transition capacitance (Cy) are associated with it. 
These capacitances must be included in the BJT model at high frequencies. Figure 6.12 
shows the hybrid-2 model of a BJT valid for high frequencies. The capacitance C, is due to 
the forward-biased emitter-base junction (-. diffusion capacitance) and is of the order of 
3-10 pFs. The capacitance C,, represents the transition capacitance due to the reversed- 
biased collector-base junction and is usually smaller than C, (<1 pF). 


Fig. 6.12 High frequency model of a BJT. 
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6.3 GRAPHICAL ANALYSIS OF A CE AMPLIFIER 


The ac analysis of a transistor arnplifier can be done by using any of the small signal models 
discussed in Section 6.2. However, it is illustrative to study the operation of a simple 
transistor amplifier circuit graphically. Although the graphical method is seldom used for 
analysis and design being lengthy and cumbersome, yet it gives a lot of insight into the 
operation of a transistor as an amplifier. i 

Consider a simple CE amplifier stage shown in Fig. 6.13{a). First consider the case when 
input signal v, = 0. The desired base current is established by the base supply voltage Vag 
and the resistance Ay. The de base current (for v; = 0) is obtained graphically from the input 
characteristics of a BJT drawn between vgg and ig as shown in Fig. 6.13(b). The intersection 
of the load line having a slope of -l/R, with the input characteristics gives the de base 
current [yg (1.e., the quiescent base current). 


Load line 
(slope = -U/R,) Input 


(a) 


Fig. 6.13 (a) CE amplifier, (b) Finding the quiescent base current (/5_) graphically. 


Having determined the value of base current Jpg, the Q-point is now located on icp-vcg 
characteristics of the BJT as shown in Fig. 6.14. For the given load Re, the load line is 
drawn from the collector circuit equation 


Uce = Ver - ioe 


or ig a - sce (6.38) 
which represents a straight line of slope —L/Re. The Q-point is at the intersection of the load 
line with the i¢—vgg curve corresponding to the base current Igo. 

The co-ordinates of the Q-point gives the de collector current [-g and collector to emitter 
voltage Vcgg. For proper amplifier operation, Q-point should be in the active region and 
should be located in the centre so as to obtain maximum signal swing when input signal v, 
is applied to the base of the amplifier. 


Fig. 6.14 Finding the Q-point (Le., [pg and Vegg) graphically. 


Now consider the case when ac signal v,; is applied. The sinusoidal signal vu; is thus 
superimposed on the de voltage Vppg as shown in the input characteristics of Fig. 6.15(a). 
Corresponding to each value of Vag + v(t), one can draw a straight line with a slope —1/Rp. 
Az an example, in Fig. 6.15(a) straight lines corresponding to v; = 0, v; = Vingg and v;, = Vinin 
have been shown. Now, if the amplitude of v, is sufficiently small then the Q-point moves 
over an almost linear portion of the ig—vge curve resulting in sinusoidal signals i, and wy, 
as shown in figure. It basically means that for small signals, a sinusoidal input signal p, 
produces a sinusoidal base current i,, and no distortion is produced. 

Now, coming to i¢—ve¢ characteristics of Fig. 6.15(b), the Q-point will move along the 
load line of slope -1/R; as base current changes from igs to ig,. Taking the projections as 
shown in Fig. 6.15(b), signal components i, and u,, are obtained. It may be noted that vu, 
waveform is 180° shifted (lagging) from the input signal v,. A small value of input signal v; 
will produce large value of v,, and the ratio. v,,/v; provides the gain of the amplifier. As can 
be seen, graphical analysis is quite cumbersome and its use is not practical for analysis and 
design of circuits. However, it gives a good insight of operation of a BJT and explain the 
need of having small input signal vj. 


64 ANALYSIS OF TRANSISTOR AMPLIFIER CIRCUITS USING 
SMALL SIGNAL EQUIVALENT CIRCUITS 


A BJT can be used as an amplifier in three different configurations, ie. CE, CC and CB. 
Whatever may be the type of amplifier, in general, there are four quantities of interest in 
any amplifier: A) Aj, Ay and A,, that is, current gain, input impedance, voltage gain and 
output impedance, respectively. It has been emphasized earlier that a transistor is biased 
in the active region using various biasing techniques so as to get a distortion free output 
signal, We are, however, interested in finding only the ac values of gains and impedances. 
Therefore, an ac equivalent circuit is obtained by replacing all the de voltage supplies by 
short circuits. The de levels are important for determining the Q-point and once the Q-point 
has been determined, the de levels can simply be ignored. In addition, all the coupling 
capacitors and by-pass capacitors are usually chosen high and, therefore, have very low 
reactance at the signal frequency of interest. The coupling and by-pass capacitors can, 
therefore, be assumed to be short circuit. 


Hidden page 


Hidden page 


Hidden page 
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So J, = —(hpel, + AseRcl,) (6.42) 
Solving for A;, gives 


Fig. 6.17 AC equivalent circuit of the CE amplifier of Fig. 6.16. 


Input resistance RF; 


The resistance seen locking into the input terminals or the base gives the input resistance 
of the amplifer, that is, 


Vi 
R,=+ (6.44) 
I, 
From the input circuit in Fig. 6.17, 
Va = bigdy + AreVee (6.45) 
Also Va = Le 
= A, tI; Re (6.46) 


Putting the value of V,, from Eq. (6.46) in Eq. (6.45) we obtain 
Vy = Aiely + hppApl, Re 


So Ry= shah, + hyArRe (6.47) 
Voltage gains, Ay and Ay, 


The voltage gain of an amplifier can be defined with or without source resistance A, taken 
into account. Thus, 


Ay = ~- (also called transducer voltage gain) (6.48) 
b 
_¥, also called overall voltage gain or the 
and Ay, =f (* bef ) (6.49) 


VY, = 1,fe 
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and VV, = LR, 
Ve aw fee 4, Fe 
Therefore, Ay == = Ay (6.50) 
Vy yt R, 
The overall voltage gain Ay, is given by 
Vv, V, Vv; 
Ay, = =. 1 
Ve v, ¥,'V, (6.51) 
The ratio V,/V, is obtained from the equivalent input R, B 
circuit of the amplifier shown in Fig. 6.18. 
Using voltage divider rule in Fig. 6.18, we get a 
v v, z 
V “RoR (6.52) ts 
a 
Thus, Ay, = Ay +R (6.53) E 
; ; Fig. 6.18 Equivalent input 
The overall voltage gain Ay, is of more importance and circuit for comput- 
is usually much less than Ay on account of appreciable ing V,/V,. 


voltage drop of input signal across the source resistance R,. 
For example, if R, = R,; then 
Ay, = 0.5Ay 


It can be seen that half of the input signal voltage is lost as voltage drop across the 
source resistance R,. 


Current gain A), ——+4, 
If the input signal is a current source J, with resistance B 
A, which is the Norton's equivalent of the voltage source 
as shown in Fig. 6.19 then the overall current gain A;, 1,(#) R, R, 
is given by 
I 
=—2 
Ar, I, E 
rt Fig. 6.19 Norton's equivalent 
= rg L (6.54) of voltage source. 
Using the current divider rule in Fig. 6.19, 
I, __ | 
es (6.55) 
i, +k, 
Hence, Pe a. oe (6.58) 
BAIR +R, 
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Output resistances A, and A,’ 

The resistances A, and FR,’ are the resistances seen at the output terminals of an amplifer 
without and with load Re taken into account, respectively. The output resistance R, = V/Y, 
is determined by setting the input signal V, = 0 (but taking A, into account) and load 
resistance A, = in Fig. 6.17. The resulting circuit shown in Fig. 6.20 is now driven by an 
external voltage source V>, and current J, drawn by the circuit is determined #0 as to 
compute output resistance J. 


Fig. 6.20 Equivalent circuit for computing A,. 


In Fig. 6.20 with V, = 0, KVL for the input loop gives 
Roy + Als + AnV_ = 0 = (Since V,, = V3) 


Simplifying 
-h_V 
ene le (6.57) 
oR, + hig 
From the output circuit, we may write 
Ty = Apel, + AoeVe (6.58) 
Putting the value of J, from Eq. (6.57) to Eq. (6.58), we get 
-A V; 
= V. : 
I, R, +h, +Ay a (6.59) 
Solving for ¥, = Iy/V, we obtain 
lifeline 
¥, =A, - (6.60) 
aa, 


In this derivation, we have not taken load resistance Re into account. If Re is included then 
the output resistance A," is given as: 

: R,' = Re||#, (6.61) 
All the formulas derived for a CE amplifier are summarized in Table 6.3. 
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Table 6.3 Important Formulae for a CE-amplifier 


The analysis above has been done for a CE amplifier. In a similar manner, one can 
perform the analysis for a CC or CB amplifier by using the 4-model valid for the configu- 
ration. It cam be seen that all the formulae given in Table 6.3 are valid for a CC or CB 
amplifier only if we change the subscript e to c for CC and e to 6 for CB, respectively for 
all the A-parameters used. 


Output impedance using short circuit current/open circuit voltage method. For 
some of the complicated circuits, it is found more convenient to determine A, and RA,’ by an 
alternate method called the short circuit current and open circuit voltage method. 

Any two-terminal network can be represented by its Thevenin’s equivalent circuit shown 
in Fig. 6.21(a) where V,, represents the open circuit voltage at the output terminals, and R, 
is the output resistance seen at the terminals 1 and 2. The network can also be represented 
by the Norton's equivalent circuit shown in Fig. 6.21(b) where a short circuit current source 
I,, is in parallel with the output resistance A,. The output resistance can be given by 


Since I= 


Therefore, R, = 


1 1 
R, 
+ = ys R, 
Vow } i= R, 
2 2 
(a) (hb) 


Fig. 6.21 (a) Thevenin’s equivalent circuit (b) Norton's equivalent circuit. 
We now show the use of this method for finding the output resistances A, and Rj for 
a CE amplifier. Note that in this method of analysis, we will not set V, = 0. 


In the ac equivalent circuit of CE amplifier shown in Fig. 6.17, if the output is short 
circuited by making V, = 0 then output circuit reduces to as shown in Fig. 6.21(c). 


(6.62) 
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The short circuit current now is 


Toe = hj ly 
and from the input loop in Fig. 6.17, we get 
V, 
eee = = 
y= Bap, Vee =hVe =0) 
(6.64) 


Substituting the value of J, from Eq. 6.64 into 
Eq. 6.63, we get 
_ —h,V, 
"ORS + hy 
Under open circuit conditions at the output, i.e. for 
Re = os 


(6.65) 


1 
Voc = ~ hil x5 


From the input loop, 


(6.66) 


(6.63) 


Ney 


= a a a a a [a 


E 
Fig. 6.21(c) Output circuit when 
Y, = 0 (short cirevit 
Case) 


V; = I, (R, + hie) + Fire View (6.67) 
Putting the value of J, from Eq. (6.66) to Eq. (6.67), we get 


v, =- SeMe (R, +h)+h,V,. (6.68) 


he, 


=V,, [Pi +) 
hy 


+ 
v. Vv 


From Eq. (6.65) and Eq. (6.68), we get 


which is same as Eq. (6.60). 


g EXAMPLE 6.3 


[Fe thor (6.68) 
fe 


(6.69) 


The /-parameters of a trangiator used in CE amplifier are given as: A; = 1 kf; hy = 100, 
Ay = 2™ 107 and A, = 20 wA/V. If Re = 5 kQ and R, = 1 kQ, determine A, Ry, Ay, Ay, FR, 


and J,". 
Solution: Using exact formulae from Table 6.3, 


Pe. ae 
1+h, fp 
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-100 100 
“ie 20x10"x5xi0 1+. 7? 
R; = hie + RpApRe 
1-20 = 10° = 90.9 x 6 


1 — .0909 = 0.909 kQ (Note that R; will always be less 
than 4,, for the basic CE amplifier) 


it 


- AyRe 
AR, 
_90.9%5 

209 

The negative sign in voltage gain indicates that there is 180° phase shift between input 
and output voltage waveforms. 


_ 


100 x 2«10" 
Er retail a 
E +i) 


= 20 x 10% - 10 =20x10% (Note that Y, = A,,) 


1. 1 
Y, 20x104 
and R,' = R,||Rc = 50 k||5 k = 4.54 kn 


BLEXAMPLE 6.4 


The transistor in the amplifier shown in Fig. 6.22(a) has the following parameters: 
hi, = 2 koh; hy = 50; A,, = 2x 10% and A, = 20 x 10% A/V 


Therefore, = 60 kil 


determine: Ay’ =, Ay, =< Rion, R, and R,’. 
a a 
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Fig. 6.22(a) Circuit for Example 6.4. 


Solution: The ac equivalent circuit is shown in Fig. 6.22(b). It may be noted that all the 
capacitors C,, Cz and Cy are large and, therefore, act as short circuits in the ac equivalent circuit. 


Ree R, R, R, 
Fig. 6.22(b) ac equivalent circuit for the circuit of Example 6.4. 


The only difference in this circuit from that of basic CE amplifier is the presence of 
biasing resistors R,, R,. One can, therefore make use of all the results derived earlier and 
given in Table 6.3. Thus, it is not necessary to replace the transistor by its A-model. In 
Fig. 6.22(b), 


Rg = Ry ||Re 
= 90 kQ||10 kQ = 9 kQ 


Current gain, A; Beemer. ee 


= =45.45 
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It may be noted that A; in Table 6.3 gives current gain from collector to base only. 
Input impedance 2 = A; + A,,Apte 
=2+2-x 107% = (45.45) = 5 


= 2 — 0.04545 
= 1.954 kO 
Overall input impedance A, is obtained as: 
Rien = Ra\| FR; 
= 9 kN|) 1.954 kQ 
= 1.6 kf} 
Overall circuit gain Ar’ = fo to te =A; x4 
i I, I, I, 
I fe 
F i 
Since I, Rp +R, 
= a 
9+1.954 
= 0.82 
Thus, Ay = —45.45 = 0.62 = -87.26 
v, _V, Re Ria 
Voltage gain Ay, = ag “Exe =A, 
Vv, ¥, R, R, + Fite 


= —45.45 x 5 _ 1.6 
1.954 2+1.6 
= =31.68 
In order to compute A,, we must first find the effective source resistance by setting V, = 0. 
It can be seen that, 


Root = Re|| Ry || Re 
= 2 kQ||9 kQ = 1.636 ka 


1 Pejghire 
Therefore, Y, =—=sA, -—“**_ 
: R, Ry at + Fig 


50x 2x 10+ 
Se ee 
= 20 x 10° - 0.27 x 10° 
90 x 10-8 
So, R,= 50 kQ 
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and Ry’ = R|| Re 
50 kQ||5 kOQ = 4.54 kO 


= 


Thuz: 


Aj = -37.26; Rie = 1.6 kQ; Ay, = 51.68 aoe 


RF, = 50 kf); Ry, = 4.54 kal 


Analysis of common collector amplifier (Emitter follower): The circuit of a CC tran- 
sistor (or grounded collector) amplifier is shown in Fig. 6.23. Here, the collector is connected 
directly to the supply Vee and (not through Re, as was in the CE configuration). Thus, the 
collector is at ground potential in ac model. This circuit is also known as emitter follower 
because its voltage gain is close to unity. Thus, any input signal voltage applied at the base 
appears across the load at emitter without any change in amplitude or phase. The emitter 
follows the variations taking place at base and hence the name emitter follower. It will 
further be shown that this circuit has high current gain, high input resistance (hundreds of 
kilohms) and low output resistance (tens of ohms). Because of these, an emitter follower 
finds application in connecting a signal source of high impedance to a load of low impedance, 
that ig, it acts as a buffer stage. 


Fig. 6.23 A CC amplifier (emitter follower). 


The various formulae for A;, Ay, A; and R, for a CC amplifier are easily obtained from 
the formulae derived for a CE amplifier (Table 6.3) simply by changing the suffix e to c. 
Further, the A-parameters in CE configuratiun are usually available, therefore, using 
conversion formulae from Table 6.2 for converting CE parameters to CC parameters, we may 
write, 


- 1+h 
Pa ae Meek [Here load is Ay, so Rp = Rg} (6.70) 
f, 1+h,Rg 1+h Re 


R= thah, +heA;Re = het AiRe (he = 1) (6.71) 
i 
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V, <A,R 
= at = Ek (6.72) 
VY 
Ri-he ye tus 
= =j- [using Eq. 6.71] 
R, R, 
aor a oe hgh. a ea (6.73) 


: h, +R, hi, + R, 
Using the same values of the transistor parameters as used in Example 6.2, and with 
Rs = 5 kQ and RA, = 1 kQ, the results are found to be as: 
A,p=91.8; Ay=0.998; Ay, = 0.995 
R,= 460k R,= 19.790 
Thus, it is verified that an emitter follower has voltage gain close to unity, high current 
gain and very high input resistance and low output resistance. Note that the voltage gain 
of almost unity and low output resistance imply that the source V, with resistance A, has 
been replaced by a new source V; = AyV, = V, and a low output resistance of nearly R,/ 
he (low). So we have obtained a better output voltage source. (low resistance causes low 
loading effect). Hence a CC amplifier is also called a buffer or a voltage follower. 


6.4.2 Simplified h-parameter Model 


From the values of four A-parameters given in I 
Table 6.1 for CE configuration it can be seen that 8B ——*/, — Cc 
the values of parameters A,, and A, are small 

enough and can be neglected in the model. Thus, for 

all the practical purposes, only two of the four h, hel 
parameters, that is, A;, and A, are sufficient to 
perform approximate analysis of the transistor 
circuits at low frequencies. The simplified model 
for CE transistor is shown in Fig. 6.24 and is used 
for load resistances small enough to satisfy the Fig. 6.24 Approximate h-parameter 
condition A,.A¢ < 0.1. The errors are found to be model for a CE transistor. 
less than 10% in the calculations for A;, Ay, A; and 

R,. Thus, for A, = 25 pA/V, for the values of load Re s 4k, A, will be less than or equal 
to 0.1. However, for Re much greater than 4 kQ, this condition will not be satisfied and 
approximate model cannot be used. 


In most of the practical situations, it is sufficient to obtain approximate values of A,, A;, 
Ay, R, in place of carrying out the lengthy exact calculations and obtain a physical feel of 
the transistor circuit. This is illustrated by analyzing a CE amplifier by using approximate 
A-parameter model. 


E E 


Analysis of a CE amplifier: The ac equivalent circuit of a CE amplifier using approxi- 
mate A-parameter model is shown in Fig. 6.25. 


Chapter 6 BJT Amplifiers 


R, 
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Fig. 6.25 ac equivalent circuit of CE amplifier using approximate h-parameter model. 


Current gain A; 


I 
Since A; =— 
I, 
In Fig. 6.25, 
I, = higl, 
Therefore, A; = 7 =—h, 
b 
Input resistance K; 
It is seen clearly that 
HR, = hy, 
Voltage gain Ay 
Vo toe _ 4 Re 
Ay == =A 
vy TR 
Putting values of A; and R,, we get 
h 
Ay =- Rglic 
Ay 
Output resistance R, 
By inspection, we find 
R, = oo 
and R,' = Re 


(6.74) 


(6.75) 


(6.76) 


(6.77a) 
(6.77b) 


Analysis of CE amplifier with emitter resistance: Figure 6.26(a) shows a CE amplifier 
with a resistance Ry, in the emitter branch. This circuit has the important feature of providing 
stability to the voltage gain of the CE amplifier. As will be seen voltage gain of the amplifier 
becomes almost independent of the A-parameters-and, therefore, does not vary with change 


of device or temperature variation. 
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R, B etc 


R, R, 


pe fo [i 


Fig. 6.26(b) ac equivalent circuit using approximate A-model. 


Current gain A, 
In Fig. 6.26(b), 


Input resistance FR; 
From the input loop, 


Va = Agd, + (1 + Api Re 


V, 
Therefore, BR; oath, +(1+ hy IR 
b 


Using the approximate A-parameter model, ac equivalent circuit is shown in Fig. 6.26(b). 


(6.78) 


(6.79) 


(6.80) 


(6.81) 
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The input resistance of a CE amplifier with a resistance Rg is seen to be increased by 
{1 + hy ip. 
Voltage gain Ay 
a eee eee 
= Ri, hy +(1+hg Rg a 


Usually, (1 + AgiRg >> A, and for hy >> 1, therefore 
Eq. (6.82) yields: 


— al Re I 
= (6.83) 


The voltage gain of this circuit can be seen to be independent of the device parameters 
and is completely stable. Thus, if a resistance is put in the emitter branch of a CE amplifier, 
the voltage gain is stabilized, although it gets reduced due to the “negative feedback” effect 
of Re. (We shall study more about the negative feedback in the chapter on Feedback). 


Output impedances R, and R,' 
It can be easily seen from Fig. 6.26(b) that R, = © and R,' = R,||Re = Re. 


E EXAMPLE 6.5 
Compute A; = I,/I,, Ay, = V./V,,. BR, and R,’ for the transistor amplifier shown in Fig. 6.27(a). 
The transistor parameters are: A, = 4 kf), hy = 200, A, = 0, Ay, = 0. 


* Voe 


Rug Rj 
Fig. 6.27(a) Circuit diagram for Example 6.5. 


R,’ 
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Solution: The ac equivalent circuit is obtained by short circuiting capacitors C,, Cy and 
Vee and shown in Fig. 6.27(b). It can be seen that Ry, comes in parallel to Rp. 


Fig. 6.27(b) ac equivalent circuit for Example 6.5, 


We can use approximate analysis as f,, and A,, both are given zero. All the results that were 
derived for a CE amplifier with emitter resistance, Rg can be used. 


Thus, A} = tah, 


R,= hy +(1+AgiRg [Input resistance at base] 
=4+201x1 
= 205 kit 

Ria = Rg||R; (Rp = 90 k|/10 kQ = 9 kQ) 
= 9 kQ| |205 kQ 
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= =—25.95 
R, = 
R,' = R,|| Re = 5 ki 
Analysis of a CC amplifier (Emitter follower) using approximate h-model. The 
analysis of an emitter follower of Fig. 6.28{a) can also be done by replacing the transistor 


by its model valid for CE configurations. The ac equivalent circuit using approximate 
A-model is shown in Fig. 6.28(b). 


Current gain 
In Fig. 6.28(b), 


I, = (1 + Aghl, (6.84) 
Therefore, the current gain A; is expressed as: 


Ay = 32 =(+hg) (6.85) 
b 


Fig. 6.28 (a) Emitter follower circuit, (b) AC equivalent circuit of an emitter follower 
using approximate A-model. 


Input resistance RF; 
From the input loop, 


Vi = hel + (1 + hag, (6.86) 
Therefore, the input resistance FR; is: 
Vi 
ss alt +(L+ hy Rg (6.87) 
Voltage gain 
Since | V, = (1+ Aglibite (6.88) 


and Va = Ay, + (1 + hg ll, Re (6.89) 
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The voltage gain Ay is: 


= v, - (1 * hy Re 
“Vy Te + +hg)Re — 
The denominator in Eq. (6.90) will always be greater than the numerator, therefore, the 
voltage gain is less then unity as expected. 
Output resistances R, and FR," 
Using the open circuit voltage, short circuit current method which is found to be more 
convenient, we find 


Open circuit voltage V.=V, (Since Ry = — and J, = 0) (6.91) 
Short circuit current Ie = (1+ hg [for Rg = 0] (6.92) 
and V, = (R, + AM, (6.99) 
(1+h, iV, 
Therefore, I. = z (6.94) 
OR + ig 
V. 
and R, == (6.95) 
Ts 
= Rg + lip (6.96) 
1 + Ay, 
So R,’ = R,||Re (6.97) 


For Rg = 5 kQ and Rs = 1 kM and Ay = 1 kQ; hy = 100, the results are found: 
Ay = 101; R, = 506 kf 
Ay = 0.998; FR, = 19.8 0 


Tt can be seen by comparing these results with those obtained using exact analysis, the 
errors are within 10%. 


CB amplifier analysis using approximate h-model: Figure 6.29(a) shows the circuit of 
a CB amplifier. The ac equivalent circuit using approximate h-parameter model for CA 
configuration is shown in Fig. 6.29(b). 


E Cc 


Fig. 6.29({a) A CB amplifier stage (pnp transistor). 


Fig. 6.29(b) ac equivalent circuit using CB A-model. 


It is easily seen from Fig. 6.29(b). 


Input impedance R; = ha (6.98a) 
and Rie = Rell ha (6.99b) 
Current gain A, 
[, = hpl, (6.100) 
e 
I,  <A,)R 
P22 
and A, TB, +B (6.102) 
Voltage gain A; 
V, = I,Re 
= — (hy ldRe (6.103) 
Since 1, =e [Voltage at node E is V,] (6.104) 
VY, 
So i ee ee (6.105) 
hey 
¥. h 
= =- — 
Thus, v. he Re (6.106) 
Output resistances R, and A,’ can be seen by inspection as: 
Ki, == (6.107) 
Ry = Re 


The above analysis gives the results in terms of CB parameters. If only CE parameters 
are available then conversion formulae from Table 6.2 can be used. 

The analysis can also be performed by replacing the CE approximate h-model between 
E, B and C and deriving the results by writing KVL equations as shown in Fig. 6.30. 


Fig. 6.30 ac equivalent circuit of a CB amplifier using CE A-model. 


In Fig. 6.30, 
,=-( +h (6.108) 
and voltage at emitter, V; (Vr is also equal to V,) 
Ve = -I,hie (6.109) 
Input resistance A; is given as: 
V , 


; ae -h I, _ ie _ formulae from 
Current gain Ay 1. -O+hgih, 1th, —hp, Table 6.2 (6.111) 


Voltage gain my 
¥, 
Here, V, = 1,Re (6.112) 
and V, = Ve = LR, (6.113) 
I A 
Thus, a tole _ A)Re (6.114) 
Putting the values of A; and A, from Eqns. (6.111) and (6.110), we get 
A 
=-= (6.115) 
Ay =—7® Re 
By inspection, it can be seen 
R,=0; KR, = Re (6.116) 


The results derived here are exactly same to those derived using CB A-model. 


Summary of Results 


The various results derived for different amplifier configurations using approximate 
A-parameter model have been listed in the Table 6.4. 
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Table 6.4 Summary of Important Results Using Approximate h-parameter Model 


6.4.3 Analysis of Transistor Circuits Using Hybrid-« Model 


Figure 6.31[(a) and (b)) shows the two versions of the hybrid-2 model of a BJT at low 
frequencies already discussed in section 6.1.2. If h-parameters of a transistor are not 
available and only value of §, is provided then we use hybrid-# model for analyzing an 
amplifier stage. 


Pig. 6.31 Two versions of hybrid-« model. 


It was also shown in section 6.1.2 that 


Feg 


Transconductance Em = 
Vr 


ac short circuit current gain at low frequency, & = gfe 


V 
Output resistance R= a 
log 


where V, is the early voltage and Icg is the quiescent collector current. 
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It can be seen that, the parameters of hybrid-* model (g,,, r, and r,) depend upon the 
quiescent current, /-g, and this is the reason that this model provides more accurate analysis 
compared to h-parameter model. Thus, when performing analysis of transistor circuits using 
hybrid-* model, one must perform the de analysis as well for complete solution. Before 
taking up some examples where both ac and de analysis are performed, we first discuss the 
ac analysis by using hybrid-* model. 


Common emitter (CE) amplifier (ac analysis): Figure 6.32(a) shows the basic configuration 
of a CE amplifier. For simplicity, biasing circuit has not been included in the analysis. The 


Fig. 6.32(b) ac equivalent circuit using hybrid-a model. 


analysis of such a basic CE amplifier has already been done using A-parameter model in 
section 6.3.2. Now, we are doing the analysis using hybrid-2 model. The ac equivalent circuit 
of the CE amplifier using hybrid-2 model is shown in Fig. 6.82(b). 


In practical amplifiers, the output is taken across the actual load resistance R, [shown 
dotted linea in Fig. 6.32(a)], 0 as to couple only the ac output available across A-. In the 
ac equivalent circuit shown in Fig. 6.32(b), the resistance Re will simply be modified to 
R¢ = Re|| RX, and it will not make any change on the method of ac analysis. The various ac 
quantities, A;, R,, Ay, R, and R,' can be obtained from the ac equivalent circuit shown in 
Fig. 6.32(b). 


Chapter6 BJT Amplifiers 303 
Current gain A; 
Using current divider relation in the output circuit of Fig. 6.32(b), 


I= Fly (6.117) 
ri +Re 
I I -fy 
Thus, A; I, i eRe (6.118) 
For Fig << ry 
A; = -§, (6.119) 


This is the expected result as f, is the short circuit current gain of the transistor (for 


Re = 0). 


Input resistance R; 
It can be seen from Fig. 6.32(b), that 


Vi 
R, =—=n +7, (6.120) 
I, 
The value of r, is usually small as compared to r, and can be neglected. Thus, 
R, = rs (6.121) 
Overall voltage gain Ay, 
From the output loop, we may write 
V, = fly URe || rp) (6.122) 
and from the input loop, 
V, = i,lr, + vr, + A,) (6.123) 
V. 
Therefore, Ay, = a 
= — fal Re tlre) (6.124) 
(n, +7, +) 
For discrete circuits, r, >> Ae usually, therefore, Eq. (6.124) reduces to 
es (6.125) 
n, +r, +H, 


In all the IC amplifiers, one is interested in maximum possible gain that ean be achieved 
from the CE amplifier. It can be seen from Eon. (6.125) that the gain of a CE amplifier can 
be increased by increasing Re. However, when Re >> r, then Re||r, =r, and gain of the 
amplifier becomes independent of R-. Now, the maximum gain that can be achieved from 
a CE amplifier is given by 


Peper eo ane (6,126) 


Usually, r, >> (ry + Ry 


=-8nt, (a8 A, = reifm) (6.127) 


Sa, Age max = pt (6.128) 


As an example, in IC amplifiers, with V, = 100 V and Vr = 25 mV, Eq. (6.128) vielda 
@ Maximum voltage gain of 4000. 


Output resistance R, 


The output resistance R, is found by setting V, = 0 in Fig. 6.32(b). If V, = 0, J, will be zero, 
and therefore, 


R, = rs (6.129a) 
and R,' = r,|| Re (6.129b) 
Usually, r, >> Re, so RK, = Re 


The various results derived for the CE amplifier have been summarized in the first 
columns of Table 6.5. The results using approximate model with r, — = and r, = 0 are also 
listed in the second column of Table 6.5. 


Table 6.5 CE Amplifier Stage Results 
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| EXAMPLE 6.6 


Find Ay, R,, Ay, for the CE amplifier shown in Fig. 6.33. Assume f, = f-* = 100, r, = 0, r, = =. 


—s R, — 
Fig. 6.33 Circuit for Example 6.6. 


Solution: In order to determine the small signal parameters g,, and r,, we first carry out 
the de analysis to find the de quiescent current J-,. The de equivalent circuit is obtained by 


making V, = 0 and is shown in Fig. 6.34(a). 


Fig. 6.34 (a) de equivalent circuit, (b) ac equivalent circuit using approximate hybrid-« model. 


DC analysis 
Since emitter base junction is forward biased, assume that the transistor is operating in the 


active mode of operation. In Fig. 6.34(a), 
Tee, = VBE — "BE active 
Bg Ry 
_ 8-07 
100 
= 0.023 mA 


(assuming Vgc active = 0.7 V) 


*For all practical purposes, de beta (8) is assumed equal to ac beta (4). 
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= 100 = 0.023 = 2.3 mA 
So [og = 2.3 mA 
Now, we can find the small signal parameters, g,, and r, as: 
r _f 
Fr Vr 
2.3 
=—=292 mA/V 
25 
and 7, ofa 
Bm 
100 
=—  =1.09k0D 
92 
AC analysis 
The ac equivalent circuit using approximate hybrid-2 model is shown in Fig. 6.34(b). 
Current gain A, =a =p, = -100 
I, 
Input resistance Recor, 
= 100 + 1.09 = 101.09 kQ 
Voltage gain 
Since V, = 1,Re¢ 
= -Al.Rc 
and I Seo taes 
Ry, +r, 
Vo. = Fale 
Therefore, a 
: Av, V, Retr, 
100 x3 
2 = - 2. 
100 + 1.09 = 


The common collector amplifier or emitter follower: Figure 6.55(a) shows the circuit 
diagram of a basic common collector amplifier. It can be seen that under ac conditions, 
collector is at ground potential and is common between the input signal source applied at 
base terminal and output voltage taken from emitter, (that is precisely the reason this 
configuration is called the common collector). [t will be shown that a CC amplifier provides 
voltage gain close to unity (but always < 1), high input impedance (hundreds of kohms), low 
output resistance (tens of ohms) and a high current gain. The most common application of 
a CC amplifier is as a buffer stage and is used to connect a high impedance signal source 
to a low impedance output load over a wide range of frequencies. When the signal source 
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is applied as input of a CC [as shown in Fig. 6.35(a)), it gets transformed to a voltage source 
of low impedance. Figure 6.35(b) shows the ac equivalent circwit using the hybrid-z model. 
In this model, we have assumed r, = 0 and as r, is usually much greater than A, therefore, 


r, can be neglected in the analysis. 


0 + Vee 


(a) 


Current gain A; 
In Fig. 6.35(b), 


. (b) 
Fig. 6.35 (a) CC amplifier, (b) ac equivalent circuit using hybrid-x model. 


V, = is 
o = (1+ AM, 


ie = (1 + 8) 
I, 


Vi 2 ir, + (1+ BWRe 
R= thar, +(1+ 6,)Re 
= b 
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(6.130) 
(6.131) 


(6.132) 


(6.133) 


(6.134) 


The input resistance of a CC amplifier is much higher than that of a CE amplifier by 
a factor of (1 + §,)Re. 


Voltage gain Ay, 
In Fig. 6.35(b), 

V, = (1+ Ae (6.135) 
and V, = LIF, +r, + (1+ Rel (6.136) 
Therefore, 

Ay, = LA; = __ (1+ Ap (6.137) 


V, R,+r,+(1+A)Re 
In Eq. (6.137), denominator will always be greater than the numerator [by (A, + ,)] and 
thus the voltage gain of the emitter follower is always less than unity (only slightly). 
Output resistance K, 


The output resistance, R, can be obtained by setting V, = 0, Rg = = and applying a test 
voltage Vz as shown in Fig. 6.36. 


Te 


Fig. 6.36 Circuit for finding output resistance F,. 


We may write 
Vo = IR, + r,) (6.138) 
I, = (1+ BM, (6.139) 
Therefore, R, 22th (6.140) 
I, 1+ 


It may be noted from Eq. (6.140) that the output resistance A, is a function of the source 
resistance A,. Further, since f, >> 1 (order of 200), the output resistance RF, is usually very 
small and is of the order of few ohms only. Now, the output resistance, A; taking load 
resistance into account is obtained as 


R,’ = R,|| Reg 
The results derived here have been listed in the first column of Table 6.6 and the results 
using exact model are listed in the second column of Table 6.6. 
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Table 6.6 CC Amplifier Stage Results 


Exact 
[Re = Rell ral 


(1 Ir 
ere +1 + Aoi 


m +R, 


rp+(1+ AjRe mtr,+ Re (1+ 2 


(1+ 4, Re (1+ A Re 
R, +B; R, +R, 


R +r, setae 
1+ 8, “" 142 


R,|| Re Rell RF. 


@ EXAMPLE 6.7 


A common collector amplifier stage uses a transistor biased at J- = 2 mA and driven from 
a 5 kQ source. [t is given for the transistor that &, = 125 and Vy = =, 


(a) What value of the load resistance Ay is needed to make A, = 500 ki. 

(b) Using the value of Ry found in part (a), determine Ay, R,, F,’. 
Solution: 

(a) First we evaluate the transistor parameters g,, and r,. 


Vr 
A 125 
=! =—=].56 
r= 80 kf} 


From Eq. (6.134), 
Rj=r,+ (1+ ARs 
So 1.56 kf + (1 + 125)Re = 500 kQ 
Thus, Re 2 3.96 kQ 
(b) From Eq. (6.137) (also see Table 6.6), 
doa (1+ §,)Re 
R, + BR, 
(1 +125)3.96 
~ ee 5o0.6> 0-88 
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R, + Fy 


1+ 8 
_ 5 +156 
14+125 

R,' = R,||Re 
a2 £2[|3.96 kf = 51 22. 


| 
o 


=520 


Common base (CB) amplifier: Figure 6.37(a) shows a CB amplifier using a pop transis- 
tor. A pnp transistor has been used here only for simplicity. A CB amplifier is characterized 


Fig. 6.37(a) A common base amplifier stage (pnp transistor). 


by current gain A; less than unity, voltage gain, Ay high; input impedance FA, is the lowest and 
output impedance A, is the highest of the three configurations. This circuit is used to match 
a very low impedance source to drive a high impedance load or as a constant current source. 
The ac equivalent circuit obtained by replacing the transistor by its approximate hybrid-« 
model is shown in Fig. 6.37(b) for analysis. Note that the polarity of voltage drop V, and 
direction of current source g,, Vin Fig. 6.37(b) remains same as in the original hybrid-- model. 


fp 
V, 
R," 
Fig. 6.37(b) ac equivalent circuit of CB amplifier stage. 
Current gain 
In Fig. 6.37(b), 
L,=-¢,Ve (6.141) 


and Ve = 41, + EnV s (6.142) 


Chapter 6 8J/T Amplifiers 


Simplifying Vil + @nf ed = -—Lrs 
a lel 
Ve 1+ f, 
Putting the value of V, in Eq. (6.141), we obtain 
_ Emel 
“14+ 26, 
Now, the current gain: 
I,_ 4 
weak OB - = 
Ay I, 1+ f, [- Bal x A] 
=] 
Vv 
Input resistance, R, = 7 
But Ve = Ul. + am Viare 


=(-énVir, (V,=-Vy 
VAL + @m?d = Ly 


Rate 


fr, 1+4, 24 


1 


Em 


(nts = B, and B, >> 1) 


Voltage gains Ay and Ay, 
In Fig. 6.37(b), 


and V,= =F, 
Therefore, Vs = &mVRe 
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(6.143) 


(6.144) 


(6.145) 
(6.146) 


(6.147) 


(6.148) 
(6.149) 


(6.150) 


(6.160) 


(6.161) 


(6.162) 


(6.163) 


(6.164) 


(6.165) 
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Output resistances R, and F,' 


In Fig. 6.37(b), if V, = 0 then no current flows through r, which means V, = 0. Thus, the 
current source g,,V, = 0, therefore, 


R, = (6.166a) 
and fi, = fe (6.166b) 


The results of a CB amplifier using appreciate and exact analysis are shown in 
Table 6.7. 


Table 6.7 CB Amplifier Stage Results 


_ Fa 
B, + RelR, 


Fh, +f, 
(BR, /R,) +1 


eee. ee 
R,+R, 1+(8,(R,/Re)) 


R, || Re 


CE amplifier with Re: The circuit of a CE amplifier with a resistance Re in the emitter 
branch is shown in Fig. 6.38(a). The important feature of this circuit is that it provides 
stability to the voltage gain and makes its insensitive to the variations of f, due to device 
change or temperature. The ac equivalent circuit using approximate hybrid-« model is 
shown in Fig. 6.38(b). 


Fig. 6.48 (a) A CE amplifier with an emitter resistance, Ag, (b) ac equivalent circuit using 
approximate hybrid-# model (r, = 0, r, = =). 
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Current gain 


Since I, = -fl, (6.167) 
A, = 22 =-f, (6.168) 
5 


Input resistance RF, 


In Fig. 6.38(b), 
Vy =Iore + (1 + ALRe (6.169) 
So R= thar, +0 + Ae (6.170) 
5 


The input resistance A; for this circuit is large as compared to a simple CE amplifier. 


Voltage gain Ay, 


Since V, = L&e = -B,Rclh, (6.171) 
and V, = CR, +ro+ + A)iRe (6,172) 
Therefore, 
V, -8, 
— =i, 7 
Ay, V, R,+r, +(1+ 8) Re i 
For Rel + &) >> (A, + rg and & >> 1, Eq. (6.173) reduces to 
Ay, = _ (6.174) 


Thus, the voltage gain of a CE amplifier with Ry is independent of transistor parameters 
and hence stabilized. However, the voltage of this circuit is less than that of a simple CE 
amplifier. The voltage gain has got reduced due to negative feedback effect of Ry which will 
be discussed in detail in a later chapter. 

Output resistances R,, FR,’ 
It can be seen in Fig. 6.38(b), that 

= & (6.1752) 
and Ry = Re (6.175b) 


z EXAMPLE 6.8 


The transistor in the circuit shown in Fig. 6.38(a) is biased at J- = 0.2 mA and has ff, = 125, 
For A, = 2 kQ, Rg = 100 O and AR- = 5 kf), determine FR; and Ay,. 
Solution: First we find the transistor parameters g,, and r, 
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From Eq. (6.170), the input resistance is obtained as: 
Ri, = r,t (1 + A)Re 


= 15.6 + (1 + 125)0.1 = 28.2 kO 
Ay, from Eq. (6.173), is 


A = - § 
Ve R, +r, +1 + 6 Re 
- 125 x5 __ 
“37156+0+19501 2°" 
isi EXAMPLE 6.9 
For the circuit shown in Fig. 6.39 determine r,, A;, A; Ay, A, and #,'. Given 8, = fe = 200. 
+Vog (9 V) 
RA, Re 
gooka FO) -C,+= 
¥ 
a —} i ' 
+ 
Vs 
— R, — R, 


Fig. 6.39 Circuit for Example 6.9. 


Solution: In order to calculate r,, we first find g,,. For this, compute the value of the de 
quiescent current, J-, from the de equivalent circuit shown in Fig. 6.40(a). Writing KVL 


from collector to base loop, 
Vec = Retle + Ip) + Raln + Var 


= Rolfe + lap + Ralp + Var 
Solving for Js, gives 


1, - Yeo ~ Vax 
e” Ry +(1+ Bp ic 
9-0.7 
“300+0+2002  °* 78 HA 
fog = Ic = Arla 


= 200 = 13.78 = 2.756 mA 
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Fig. 6.40 (a) de equivalent circuit, (6) ac equivalent cirewit using Miller's theorem. 


and 
| 2.756 
ot =———=0.110 
rn rT 
Therefore, r= fo 
= 81 kt 
0.110 
AC analysis 


The ac analysis for finding A;, Ay, R;, A,’ for this circuit becomes fairly complicated if done 
by using the basic principles, i.e., replacing the transistor by its model and writing KCL, 
KVL equations, due to the presence of feedback resistor Ay. However, the analysis is simplified 
by using Miller's theorem (see Appendix A6.1 given at the end of the chapter). The ac 
equivalent circuit where feedback resistance, Ay is replaced by equivalent resistance using 
Miller's theorem is shown in Fig. 6.40(b). In Fig. 6.40(b), 


To simplify the analysis, assume Ay >> 1 which will be usually valid for a CE amplifier so that 
200 
1- VAy 
The effective load resistance now becomes 
R, = 200 kf2||2 ko 
= 1.98 ko 


Using hybrid-7 model and approximate results given in Table 6.5 for a CE amplifier 
stage, we have 


= 200 kit 
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I -i, 
A, ==—£=- 8, = -200 
“hh 
R, =r, = 1.81 kQ 
and foals oe 
V, re 
-200 = 1.98 
SS = = 218.78 
1.81 
So, our assumption that Ay >> 1 is justified. 
. _ 200 _ 200 
Since =0.91 
are ~ 219.78 78 mm 
Therefore, R, a = FR; ||0.91 kQ 
1.81 0.91 
= ————- = 0.6k0 
2.72 
i, Re YV, Fig 
= —218.78 x 0.6 = 65.61 
2 
Also R, = on 
and R, = R, = 1.98 kQ 


6.4.4 Comparison of CE, CC and CB Amplifier Configurations 


The analysis of different amplifier configurations has been done by using A-parameter model 
and hybrid-z model. Analysis can be carried out using any one of the models depending upon 
the available data. By now, we are also aware of the important features of the three basic 
amplifier configurations, i.e, CE, CC and CB and also know where to use these. Table 6.8 
provides typical numerical values of A,, Aj, Ay, R, and R,' calculated for the three basic BJT 
configurations for a transistor biased at Jpg = 2.5 mA and 4, = 100, R, = 600 0, Re = Re 
= 1.5 bef. 


Table 6.8 Comparison of BJT Configurations 
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It can be seen from the expressions for A;, R; and Ay that all the three quantities are 
a function of load resistance, Re (Rg), whereas A, depends upon the source resistance Ry. 
It is instructive to study the variation of A, R, Ay, A, and A,’ as a function of load 
resistance A (for A;, Aj, Ay) and source resistance FA, (for A,, A,). The various plots have 
been shown in Fig. 6.41 for each of the three configurations. 


Ay (CB) 


ee a a a a a 


(ch) 
Fig. 6.41 (a) Current gain A; (b) voltage gain Ay (c) input resistance A; as a function of load 
resistance and (d) output resistance A, as a function of the source resistance, J,. 


All these curves are shown for a typical transistor. 
From the plots and the Table 6.8, we may summarize: 
CE amplifier: This is the only configuration that provides both voltage gain and the 


current gain. Therefore, it is the most versatile and useful configuration. Its input and 
output impedances A; and A, are moderate and lies between those for CC and CB 


configurations. 
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CC amplifier: The current gain is high (more than CE stage), Ay is less than (but close 
to) unity, A, is the highest and FA, is the lowest of the three configurations. Because of its 
high input resistance and low output resistance, the circuit is used as a buffer stage 
between a CE amplifier and a low resistance load. It is also used in impedance matching 
applications. 


CB amplifier: The current gain is less than unity. A; is low, A; is the lowest and R, 
is highest of the three configurations. All the above properties are less desirable for 
signal amplification. Therefore, CB configuration is rarely used alone. However, in 
conjunction with CE as in a cascode configuration (CE-CB cascade), it improves or 
widens the frequency response of a CE amplifier and, therefore, is often used in video 
amplifiers (used in TV). 


6.4.5 Transistor Amplifier Analysis Using r.-model 


As earlier discussed in Section 6.1, r.-model is also sensitive to the de operating point of the 
amplifier circuit and, therefore, provides accurate analysis. The use of r,-model for solving 
various transistor circuits is now discussed, 


CE-amplifier with fixed-bias 


The circuit of a CE amplifier using fixed-bias is shown in Fig. 6.42(a) and its ac equivalent 
circuit using r,-model is shown in Fig. 6.42(b). 


Fig. 6.42(a) A CE amplifier with fixed-bias circuit. 


— B A, c 


Fig. 6.42(b) ac equivalent circuit using r,-model. 
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Current gain A; 


ato ty 
a 2 
Applying the current divider rule at the output circuit, we get 
__ (Bly) 
Pty + Re 
So fy Po | 
[y+ Re 
and from the input circuit 
fy Re 
I, ig + fir, 
rot 
= 2 ye ob 
= Ar I, : I, 
_|__to || Re 
fy + Be }\ fig + BY, 
--—__fear 
ir, + Re KR, + A,r.) 
Usually, r, >> 10R¢ and RK, = 10f,r, 
__ Air, 
= —_fe se 
Therefore, A; = Rp 
=-A, 
Input resistance RF; 
From Fig. 6.42(b), 
R; = Rall Are 
For Ry > 10f,r, as is usually, R; = AR, 
Voltage gain A, 
V, = -Al, (Rellr.) 
V. 
But i,=— 
Bh 


So v, =~ A Fi }ere Ir.) 
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(6.176) 


(6.177) 


(6.178) 


(6.179) 


(6.180) 


(6.181) 


(6.182) 


(6.183) 


(6.184) 


(6.185) 


Ve _ Ue II) 
Thus, Ay = 5 =. (6.186) 
If rp 2 10Re 
Then Ay a 2 (6.187) 


Output resistance KR, 


To obtain FR, in the circuit, set V, = 0 in Fig. 6.42(b) which makes J, = J, = 0. This 
makes the current source, J.J, = 0 that is the current source becomes open and we can 
write 

R, = fo (6.188) 
and R," = ro|| Re 

=Re_ [r, 2 10R¢] 

Note: For most practical situations, the value of r, ia usually large (r, 2 10R;-) and there- 
fore, can be neglected in the analysis. If r, is included, analysis becomes quite complicated 
and there is very little deviation from the approximate results. In view of this, it is better 
to adopt a realistic approach and r, is not included in the model as will be shown by the 
example that follows: 


Unbypassed CE emitter-bias configuration: Figure 6.43(a) shows a self-biased CE amplifier 
with an unbypassed emitter resistor Ry. Its ac equivalent circuit using -, model is given in 
Fig. 6.43(b). 

Current gain A, 

Applying the current divider rule to the input circuit in Fig. 6.43(b) gives 


I R 
a = 
i. "+h (where Ry = R, ||) (6.189) 


Also, from the output circuit, 


I, = —Aol, 
I 
So ht 
I, 
fh, i, if 
" Ay wah cE yw 
— "il age A 
_ Ay 
=— f, (6.190) 


Fig. 6.43(b) AC equivalent circuit. 


In Fig. 6.43(b), 
V, 
Rat 
Since V, = Are + (1 + AR 
So R,; = &r. + (1+ AdRte 
Thus, i | 
Ry + fr, + (1+ 3 lke 


R 


“-A——*9— 1 
"hk 
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(6.191) 
(6.192) 


(6.193) 
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Input resistance R, oi 


In Fig. 6.43(b), 
Rie = Rpl| Fi 
Voltage gain Ay 
V, = -Lfte 
and Vi= LF; 
Ve Tole __ Aolnle 
a fi, 
Ay; +(1+ A, Re 
a. (i, >> 1, Ate >> Ar.) 
Ry 
Output resistance FR, 
It is easily seen that 
Ri, = ee 
and R,’ = 


Results if r, is included 


(6.194) 


(6.195) 
(6.196) 


(6.197) 


(6.198) 


The results appearing below clearly reveal the additional complexity resulting from includ- 


ing r, in the analysis. 
R= Ay, +|O+ A+ Role |p, 


1+(R, +Rg)/r, 


and Ay _ AyR; 


Exact expression for A; can be obtained by using the above equations. 


(6.199) 


(6.200) 


(6.201) 


(6.202) 
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If we let r, + = in the results given in Eq. (6.199) to Eq. (6.202) we obtain the results 
as derived earlier ignoring r,. 


EXAMPLE 6.10 


For the circuit shown in Fig. 6.44, determine Aj,., A,, Ay and A;, for transistor data given 
as 6, = fe = 200, r, = 50 kf. 


16 ¥ 


Fig. 6.44 Circwit for Example 6.10. 


Solution: The question can be solved by using hybrid-« model. However, here we solve 
it using r,-model. First perform the de analysis to obtain r,. Under de conditions, capacitors 
C, and C, will be open circuited, as shown in the Thevenin's equivalent circuit of 
Fig. 6.45(a). 


Fig. 6.45 (a) de equivalent circuit for finding r, (b) ac equivalent circuit. 
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In Fig. 6.45(a), 
Ry = R,|| Ry 
= 0 kf||10 ko 
=9 kf 
R, 
V, 
R,+R, ~ 


10 
90 +10 


and Ver = 


(16) = 1.6V 


From the base loop, 
Ves — Vag = Ip + (1 + Orble 


1, = 20 —Vae 
BR, +(1 + Ap Rg 


16-07 
94 201x0.68 ~ 006 mA 


Ie = Brlp 
= 200 =x 006 = 1.2 mA 
dp = [¢ + fp = 1.206 mA = Ipg 


The ac equivalent circuit is shown in Fig. 6.45(b). In this circuit, transistor has not been 
replaced by transistor model, as the analysis has already been carried out in section 6.3.5 
and the resulta derived earlier can be used. 


Input resistance Ry oy 
A; from Eq. (6.192) is: 
Ri = Br, + (1 + ADRs 
= 200 = 21.55 + 201 x 0.68 
= 4.31 + 136.68 
= 140.99 kQ 
and Rion = Rp|| Ri; 
= 9 kO|] 140.99 kQ 
= 645 kil 
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Current gain A, 
From Eq. (6.193), 
é 200 = 9 
A = eft = ——— TF a 
("RAG +R, 9+14099 
Voltage gain Ay 
From Eg. (6.197), 


Ay -- = 


== ae =—-d.24 
0. 
Emitter follower with fixed-bias: Figure 6.46 shows the circuit diagram of a emitter 


follower using fixed-bias. The ac equivalent circuit using r,-model for the transistor is shown 
in Fig. 6.47(a). 


Vee 


Rio R; ei R,’ 


Fig. 6.47(a) ac equivalent circuit of the circuit shown in Fig. 6.46. 
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Input resistance R, 9 


Since 


Bo 


Current gain A, 
In Fig. 6.47 (a), 


and 


Thus, 


Since 


We get 


Voltage gain Ay 
Since 
and 


Therefore, 
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V. I LAr, +(1 + fi, Ug | 
b ih 
= Ar, + (1+ ARs 
Rien = Ag|| Ri 


i __f 
I, Rgth, 
= (1 + AM, 


V, = (1 + ARs 
V, = [lor + (1 + ARe] 


(6.203) 


(6.204) 


(6.205) 


(6.206) 
(6.207) 


(6.208) 


As expected, the voltage gain of the emitter follower is less than unity and there is no 
phase change between the input and the output voltages. 
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Output impedance FR, 


To determine A,, set V, = 0 and Ae = ». Applying a test voltage source V between the 
emitter and ground, it can be seen from the equivalent circuit shown in Fig. 6.47(b) that the 
current drawn by the circuit is given by 


r=(1+ Ay, 

and Ve Art, 
Therefore, -V __Bfely (6.209) 

Lf (+ Au, 

Pe ay 

- = 6.210 

1+ fi & ( ) 

Thus, R,' = Rellre a 
Fig. &47(b) Equivalent circuit for 

Effect of r, finding R,, R,’. 


The following relations can be verified when r, is taken into account: 


If r, 2 10R¢ 
Then 
R, = Are + 1+ BRe (6.211) 
which is same as Eq. (6.203) 
Ry =r Re I ee 
2r,||Rellr. [for 4, >> 1] (6.212) 


For r, >> r, which is usually the case, 


Ry = Rellre 


Common base (CB) configuration: The circuit diagram of CB amplifier is shown in 
Fig. 6.48(a) and ite ac equivalent circuit with transistor replaced by common base r, equivalent 
model is shown in Fig. 6.48(b). A CB amplifier is characterized by low input impedance 
(lowest of the three configurations) and high output impedance, and current gain almost 
equal to unity (but < 1). The voltage gain, however, can be quite large. Its main application 
is in cascode amplifier (CE-—CB cascode) which is used in video amplifiers to increase the 
bandwidth. 


Fig. 6.48(a) Common base amplifier (using pnp transistor). 


Fig. 6.48(b) ac equivalent circuit. 


It may be noted that the output resistance r, has not been included in the model as it 
is usually large (in mega ohms only) in comparison to Ae and can be neglected without 


causing large errors. 


Current gain A; 
From Fig. 6.48(b), we may write 


and I, = +ad, 


Therefore, 


= a [For r, << Ae as is usually the case] 


Thus, the current gain of a CB amplifier is less than unity. 


(6.213) 


(6.214) 


(6.215) 
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Input impedance, RF; 


From Fig. 6.48(b), R; = Rellr. (6.216) 
Voltage gain Ay V, = Le 
= al Re (6.217) 
V. 
Also I,=—t (6.218) 
So v, = whe 
Te 
Thus Ay = t= She, Be (6.219) 
im 4% 


Note that V, and V; are in phase for CB amplifier. The value of r, for CB configuration 
is very low (typically 20 0). Therefore, it is possible to obtain large voltage gain even for 
emall values of load Re. 

It can be seen by inspection that the output resistance is given by 


R,=— and RA; = Re 


Miller's Theorem 


There are amplifier circuits in which a feedback resistance is connected between the output 
node and the input node. As an example, in a CE amplifier using collector to base biasing 
circuit, a resistance Rp, is connected between collector and base. The analysis of such a 
circuit for finding A;, Ay, A, and A, becomes complicated. Such circuits are easily analysed 
by using Miller's Theorem. 

Consider a general network shown in Fig. A6.1(a) where V,, V; ..., Vy are the voltages 
at nodes 1, 2, ..., Nand Vy = 0 as node N is considered as the reference node. An impedance 
#2 is connected between nodes 1 and 2. 


It can be shown that the impedance 2 can be replaced by equivalent impedances 
Z, = £i(1 — Ay) connected between node 1 and ground terminal N and an impedance 
Z, = Z/(1 = WAy) connected between node 2 and terminal N. The equivalent circuit so 
obtained is shown in Fig. A6.1(b). 
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Fig. AG.1 = (a) A general network, (b) Equivalent circuit using Miller's theorem, where 
Ay = ValV}. 


The current J, in Fig. A6G.1(a) is given by 


Z Z 


BL ie a) 
F ZN - Ay) 


eal [%, =ZA1~Ay) 
1 


Thus, if 2, = 2/(1 — Ay) is placed across the terminal 1 and N as shown in Fig. AG.1(b), 
the current drawn from node 1 would be same as that in the original circuit of Fig. A6.1(a). 
In a similar way, it can be shown that the current J, drawn from node 2 remains same even 
if the impedance Z is replaced by an equivalent impedance Z, = Z/(1 — 1/A,) between the 
node 2 and ground as shown in Fig. A6.1(b). 


® There are three small signal models used for the transistor analysis and design: h- 
parameter model, hybrid-2 model and r, (or T-) model. 

® Hybrid-7 and r,-model parameters are dependent upon the de operating conditions of 
the circuit and, therefore, provide accurate analysis. Analysis using A-model is not very 
accurate as its parameters are available only at a typical operation point. 

@ The important h-parameters are: A; (input impedane); A, (short circuit current gain); 
A, (reverse voltage gain) and A, (output conductance). 

® The A-parameters are hybrid (or mixed) parameters as two parameters are short circuit 
parameters and two are open circuit parameters. 


6.1 


6.2 
6.3 


6.4 
6.5 
6.6 
6.7 
6.8 


6.9 
6.10 
6.11 


6.12 
6.13 
6.14 
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Given A-parameters for any one configuration, the parameters for other configurations 
can be obtained by using conversion formulas. 


Approximate A-model described by only A,, and A, can be used for A,Ay 5 0.1. 


A transistor is modelled as a current controlled current source in A-parameter model, 
and as a voltage controlled current source in hybrid-* model. 

The quantities of interest in any amplifier are: A), Ay, Ay,, A; 2, A, and #,’, indicat- 
ing current gain, voltage gain, input and output impedances of the circuit. 

A CE amplifier provides large current gain and voltage gain. It has medium 
input impedance and high output impedance. It is the most versatile amplifier 
configuration. 


A CC amplifier, alzo known as emitter follower has large current gain, unity voltage 
gain, high input impedance and low output impedance. Its main application is as a 
buffer stage or impedance matching circuit. 

A CB amplifier provides unity current gain, moderate voltage gain, very low input 
impedance and high output impedance. The circuit is rarely used alone, however along 
with CE amplifier such as a cascode circuit .CE-CB cascode), it is used in video 
amplifiers to provide wide frequency response. 


Name the three small signal models used for a BJT. Which of the three models of a 
BJT provide accurate analysis and why? 


Define the various A-parameters and give their units. 

What is the alternative notations for 11, 12, 21 and 22 in A-parameters. Who gave 
these notations? 

Explain how to calculate CE-h-parameters from the input and output characteristics. 
List the advantages of using A-parameter model. 

Prove the conversion formulae for 4-parameters from CE to CHB given in Table 6.2. 
Draw the A-parameter model of a BJT for (i) CE, (ii) CB and (ii) CC configurations. 
Draw hybrid-7 model and explain the physical significance of various parameters used 
im it. 

Define transconductance g,, and derive the expression for it. 

Derive a relationship between f,, r, and g,,. 


Draw the r,-model for a BJT in (i) CB and (ii) CE configuration. Compare hybrid-« 
model to the r-model of a transistor. 


List the steps followed for drawing the ac equivalent circuit for a transistor amplifier. 
Give the exact formulas for A;, A, Ay, A, and #,’ of a CE amplifier. 
Explain how circuit compute the value of r, and g,, of a transistor. 
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Derive the expression for the output resistance of an emitter follower using short 
circuit current and open circuit voltage method. 


Draw a CE amplifier circuit that stabilizes voltage gain. Prove it. 

Compare the important characteristics of CE, CC and CB amplifiers. 

Which of the three BJT configurations has (i) highest A,, (i) lowest A, (ii) highest £,, 
(iv) lowest #,, (v) highest Ay and (vi) lowest Ay. 

Explain Miller's theorem. 

A high gain amplifier with high input resistance and high output resistance has to be 


designed. If a three-stage cascade is used, what configuration should be used for each 
stage? Explain. 


Using h-parameters 


Pé.1 


P6.2 


P6.6 


(a) Derive the CC A-parameters in terms of CE Ah-parameters. 
(b) Derive the CE A-parameters in terms of CB A-parameters. 
Given a single stage CC transistor amplifier, with A, = A; = 10 kf), calculate A), 
Ay, Ay,» A; and #,. Take the values of A-parameters from Table 6.1. 
(Ane, 40.8, 0.998, 0.974, 409.1 kf, 217 Q) 


(a) Draw the ac equivalent circuit of CE and CC amplifiers subject to A, = 0. Show 
that the input impedances of the two circuits are identical. 


(b) Draw the circuits for CE and CC amplifiers with the input open circuited, Show 
that the output impedances of the two circuits are identical. 


For any single stage amplifier prove that 


and R,, = Re for R, = 0. 
For the circuit shown in Fig. 6.55 verify that the modified A-parameters are: 
l+h 
h' =h, + ones 
+h Rg 


i ee 
1+ hye 


+ fe — Pookie 
1 
+h Hy ae 
hte ee Pigg Pigg 
“  1+h ig 
Ry 


Fig. 6.55 Circuit for P6.6. 


P6.7 For the transistor amplifier shown in Fig. 6.56 compute Ay = V,/V,, Aj = J;/I,, Rj and 
R,. Assume A, = 1 kQ, Ay, = 100. 


(Ans. —46.5, —43.4, 0.86 kQ, 1 kQ) 


Fig. 6.56 Circuit for P6.7. 


P6.8 Design an emitter follower (ie. find R, and R,) with R, = 500 kQ and R, = 20 Q. 
Assume hy, = 50, Ay = 1 kQ, h,. = 25 pAV. 
(Ans. 20 , 13 kM) 
P6.9 For the emitter follower in Problem 6.8, find A, and Ay. 
(Ans, 38.5) 
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P6.10 For the amplifier shown in Fig. 6.57 
the transistor parameters are given 
as: Ah, = 1.1 kid, Ay, = 50, A, = 2.5 
pA/s, and A, = 2.5 x 107. Find A,, 
= VJV,, Ay = 1/1, 
(Ans. —12.7, —13.15) 


Fig. 6.57 Circuit for P6.10. 


P6.11 The transistor of CE amplifier shown in Fig. P6.58 has the following parameters: 
je = 120, Aig = 0.02 Ig; hyp = hye = 0. Compute (i) hy, (ii) Ay = V/V. 
(Ans. 833 0, -123.45) 
9 Vig (10'V) 


Fig. 6.58 Circuit for P6.11. 


Using hybrid-x model (or r,-model) 
P6.12 <A CE amplifier stage uses an npn transistor having f, = 125 and is biased at 
Jeg = 1 mA. If KR, = 300 0, Re = 1.2 kQ, determine Ay and &;. 
(Ans. —43.78, 3.425 kf) 
P6.13 An emitter follower uses a pnp transistor with f, = 150 and biased at Ing = —0.25 mA 
is driven from a source of 3 Ef) resistance. 
(a) Find the value of Rg so that A,’ = 110 O. 
(b) Using the value of Ry in (a), determine Ay and Fj. 
(Ans. 1.42 kf, 0.924) 


Chapter6 &J/T Amplifiers 335 


P6.14 A CE amplifier shown in Fig. 6.59 is biased to operate at J- = 0.1 mA. The 
transistor has 4,= 100 and large Vy. Find A), Ay, = (V,/V,) and A, for Re = 47 kQ 
and A, = 100 kf. 


(Ans. 25 kQ, -37.6, 47 kQ) 


Fig. 6.59 Cirewit for P6.14 


P6.15 A CE amplifier shown in Fig. 6.60 uses a transistor with #= 100 and V4 = 100 V. 
(a) Calculate the de bias current I,-. 
(b) Calculate R,, Ay, = V,/V, and A; = J,/I,. 
(Ane, (a) Je = 1.94 mA, (b) 1.15 kG, -8.13, —45.3) 


@ Vor (9 ¥) 


Fig. 6.60 Circuit for P6.15. 


P6.16 A CE amplifer with a resistance in the emitter uses a transistor biased at 0.2 mA 
and having a §= 125. Given: R, = 2 kf, Re = 100 8, Re = 5 kf, determine Ay, R;. 


(Ans, —20.7, 15.7 kt) 
P6.17 An emitter follower uses an npn transistor biased at [pg = 2 mA and has a #= 125. 
It is desired that RA; 2 500 kf. Find (a) Re, (b) Ay, R, and Rj for R, = 5 kf. 


(Ans. 3.96 kM, 0.988, 52 9, 51 Q) 
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P6.18 In the circuit shown in Fig. 6.61, transistor used has § = 100. 
(a) Find the value of Ry to establish a de emitter current of about 1 mA. 
(b) Find Re to establish a de collector voltage of about +5 V. 
(c) For A, = 5 kf and transistor r, = 100 kf), determine the overall voltage gain. 
(Ans. 14.3 kQ, 10 kM, -64.5) 


Fig. 6.61 Circuit for P6.18. 


P6.19 In the circuit of Fig. 6.62, find A; and gain Ay, = V,/V,. Assume § = 50. 
(Ans. 1.75 kf, -11) 


125 0 


Fig. 6.62 Circuit for P6.19. 
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1] 
| P6.20 = =For the circuit shown in Fig. 6.63, find the input resistance A, and the voltage gain 
V,/V,. 
(Ans, A; = 50 0, VV, = 9.9) 


100 ki 


1 o 


Fig. 6.63 Circuit for P6.20. 


CHAPTER 


Field-Effect Transistors— 
Characteristics and Biasing 


7.1 INTRODUCTION 


The field-effect transistor (FET) is a three-terminal device with several features better than 
a BJT. The BJTs discussed in Chapters 4, 5 and 6 have mainly two drawbacks: (i) low input 
impedance (ii) high noise level. Both these drawbacks have been overcome in FETs. There 
are two types of FETs—Junction field-effect transistor (JFET or simply FET) and metal- 
oxide semiconductor field-effect transistor (MOSFET). Just as we have pnp and npn tran- 
sistors, FETs can also be n-channe] FET or p-channel FET. MOSFETs can further be of 
depletion or enhancement types as we shall see later. 

The term ‘field-effect’ describes the physical operation taking place within the device. It 
will be shown that the current in an FET is controlled due to the electrical field established 
by the voltage applied to a control terminal. Further, current in an FET is due to only one 
type of carriers (electrons in an n-channel and holes in a p-channel) and, therefore, FET is 
also known as unipolar transistor. 

The basic concept of FET has been known since 1930's, however, the device was used 
only in 1960's. Since 1970's, MOSFETs have become very popular as these devices have 
input impedance higher than J FET, can be made very small and are easy to fabricate. The 
various digital logics and memories used in digital computers can be implemented with 
circuits that use only MOSFETs, and no resistors or diodes are needed. 

In this chapter, we will discuss the structure, physical operation and characteristics for 
JFET and MOSFET. Structure of complimentary MOS (CMOS) devices and MESFET (GaAs 
devices) are described. Then the biasing techniques for JFET and MOSFET are discussed, 


7.2 STRUCTURE AND PHYSICAL OPERATION OF JFET 


7.2.1 Structure of JFFT. 


The basic structure of an n-channel JFET is shown in Fig. 7.1(a). It consists of an n-type 
silicon bar called channel with two p* regions called gates diffused on the opposite sides. 
aoe 
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The two p* regions are internally connected and an ohmic contact is brought out called gate 
terminal. Two ohmic contacts are also taken from the two ends of the Si bar (that is, 
channel) and are called source and drain. It can be seen that if a voltage supply is 
connected between source and drain terminals such that the positive end of the supply is 
connected to the drain terminal, the majority carrier electrons in the n-channel bar will flow 
from source to drain terminal. 

The circuit symbol of n-channel JFET is shown in Fig. 7.1(b). In this the vertical line 
denotes the channel and the arrowhead on the gate line indicates the direction of flow of 
current in a pn junction. Thus, gate is p-type and channel is of n-type in this circuit symbol. 

The structure and circuit symbol for p-channel JFET drawn on the same lines are shown 
in Fig. 7.2(a) and (b). 


(b) 
Fig. 7.1 An v-channel JFET (a) structure (b) symbolic representation. 


n” type G 
: Gate D 


D 
© Drain i] 


n’ type 
ia) thy 


Fig. 7.2 p-channel JFET (a) structure (b) symbol. 


The atructure of the n-channel and p-channel JFET as shown in Figs. (7.1) and (7.2) are 
only for the sake of explaining the physical operation of the device, The actual fabrication 
of FET is done by using the planar IC technology. The cross section of an n-channel JFET 
using this technology is shown in Fig. 7.3. 


— Cate contact 
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7.2.2 Physical Operation of JFET 


For understanding the operation of JFET, consider an n-channel FET, shown in Fig. 7.4, 
where p* gates are connected to a negative supply Vgg and no voltage is applied between 
the source and drain terminals. It can be seen 
that p* gate regions and the n-channel form 
two pn-junctions which are reverse biased. 
This produces space charge region or depletion 
region on both sides of the reverse biased pn- 
junctions. However, the penetration of the 
depletion region in the p* gates will be-small 
as compared to its penetration inside the n- 
channel. For this reason, the depletion region 
inside the p* gates have not been shown in 
Fig. 7.4. If the reverse biased voltage Vga is 
increased, the depletion region will extend : 

‘rk ae nk Vlas) es sha Glued isla dak Bice ll Fig. 7.4 Operation of JFET with 
decrease the effective width of the channel. 

If we continue to increase the reverse bias voltage Vzq, the channel width will eventually 
reduce to zero as all the free carriers would have been removed from the channel. The 
voltage Vig at which the effective channel width get reduced to zero is called the pinch- 
off voltage V,. A JFET is usually operated with gate reverse-biased so that the gate 
current J; = 0. This is a very important characteristic of an FET as it provides high input 
impedance for FET. 

Now, consider Fig. 7.5(a) where gate is reverse biased by a constant voltage Vig and a 
positive voltage Vpn is also applied between drain and source and is increased. As drain is 
at a positive potential w.r.t. source, the electrons which are majority carriers in the n- 
channel start moving from source to drain and therefore, constitute a drain current, J, 
flowing from drain to source terminal. Due to this drain current, there will be a uniform 
voltage drop across the channel as the channel simply acts as a semiconductor bar. For 
example, if Vpp = 2 V, then there will be a continuous voltage drop from source end to drain 
end as shown in Fig. 7.5(b). This voltage will further reverse biases the pn-junction. It can 


gate reverse biased. 


OV OV LOV 15V 


Fig. 7.5(a) Operation of JFET with Veg Fig. 7.5(b) Showing voltage drop across 
and Wp applied. the channel! due to Vpn 
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be seen that the region at the source end will be less reverse biased and as we more towards 
the drain, pn-region will be more reverse biased. Due to this non-uniform reverse biasing, 
penetration of the depletion region is also non-uniform as shown in Fig. 7.5(a) by the wedge 
shaped depletion region. If the drain supply voltage Vpn is further increased, a situation will 
arrive when the depletion region at the drain end will almost close the channel or the 
channel is pinched off at the drain end to the extent that the free carriers cannot cross it. 

With the above explanation in mind, we can now describe the volt-ampere characteris- 
tics of an FET. 


7.3 VOLT-AMPERE CHARACTERISTICS OF A JFET 


There are two important characteristics of a JFET 


{i} Output or drain characteristics 
(ii) Transfer characteristics 


7.3.1 Drain Characteristics 


Figure 7.6(a) shows an n-channel FET in which supply connections correspond to common 
source configuration (CS) and its drain characteristics are shown in Fig, 7.6(b), The four 
distinct regions of operation marked on the characteristics are: (i) ohmic region, (ii) saturation 
or pinch-off region, (i) breakdown region and (iv) cut-off region. The working of FET in 
these regions is now examined in detail, 


region Saturation or | 
pinch off region ‘ : + 


Drain current Jy, (mA) 


5 10 15 20 25 Cutoff 
Drain-source voltage Ving. (VW) region. 
(a) (ib) 


Fig. 7.6 (a) An n-channel JFET biased for CS configuration, (b) Drain characteristics. 
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Ohmic region: It can be seen from Fig. 7.6(b) that the characteristics are linear in the 
ohmic region. Consider the curve for Veg = 0 V. We are considering this curve first as JFET 
is operated only for Vig = 0 V, that is, for negative values of Vig. If Ving = 0, no current flows 
in the channel and Jp = 0. For small values of Vpg (~ 0.1 to 0.2 V), n-type silicon bar acts 
as a simple semiconductor resistor and current increases linearly with Vp, following the 
ohm's law. For negative values of Veg (reverse-biased gate), i.e. for Vgg = -0.5 V, -1.0 
V, -1.5 V and eo on the channel width goes on decreasing as V;;< ig made more and more 
negative. This in turn increases the resistance of the channel and current Jp reduces. 

The value of drain current J, in the ohmic region is obtained from the cross-sectional 
view of JFET as shown in Fig. 7.7. In this figure, 2a is the maximum channel width for 
Vas = 0 and decreases as Vag is made more and more negative. 


p type gate 
Is / Depletion region 
——— F, jf 


Fig. 7.7 Cross-sectional view of n-channel JFET. 


For Vng very small, the depletion region can be taken as uniform, 30 that the channel 
cross-sectional area A will be constant throughout its length. Hence A = 2bW, where 26 is 
the channel width corresponding to zero drain current for a specified Veg and W is the 
channel dimension perpendicular to b-direction. 

Using chm's law, the drain current is given by 


Ip = AgnN pint (7.1) 
= 2bW N pit, “Bs (7.2) 
=the Mui iz (7.3) 
where A = Cross-sectional area of the channel (= 25W) 
26 = Channel width for a specified Vas 
W = Channel dimension perpendicular to the b-direction 
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Np = Number of donor atoms in the n-bar 
Hy = Mobility of electrons 
EL = Leneth of the channel 


Equation (7.3) shows that for small values of Vps, FET behaves like an ohmic resistance 
whose value is determined by Ves as it controls the channel width 6. The slope of the Ip 
versus Vps characteristics at the origin for a given Veg is called the on drain resistance, 
rman For Veg = 0, 6 = a im Fig.7.7, therefore 


vom ] 
Moan) =>— | (7.4) 
ica 2aN ptt, |W 


The parameter roy, 18 important for switching applications as it is a measure of how 
much FET deviates from ideal switch. 

The ratio W/L is also an important quantity in the design of FETs. For a given doping 
density Np, it is possible to fabricate FETs on the same chip with different current handling 
capabilities simply by using different W/L ratios. 


Saturation region: Consider the curve for Vig = 0. As Vpg is increased beyond the ohmic 
region, the current J, produces a uniform voltage drop across the channel as explained in 
Fig. 7.5(b). Due to non-uniform reverse biasing, depletion region penetration is also non- 
uniform as shown in Fig. 7.5(a). As the channel has got constricted, the current J, no longer 
increases linearly and the V-I characteristics become curved. 


As Vopg is further increased, a value of voltage Vps is reached when the channel is 
“pinched-off" towards the drain end. The current Jp now saturates or simply levels off. The 
value of Vps at which the channel is pinched off is called the pinch-off voltage Vp. The pinch- 
off voltage cannot be defined exactly on the characteristics. The region of the characteristics 
where the drain current J, becomes fairly constant is called pinch-off or saturation region. 
The region to the left of saturation region is called ohmic or non-saturation region. One 
question that comes in mind is that why does the current Jp not become zero when channel 
is pinched-off at the drain end. It is infact practically not possible for the current Jp, to 
become zero, as the very reverse bias which has caused this ‘pinch-off will not be available. 
The channel infact does not close completely at the drain end ever. 


For the negative gate source voltage Vs, pn-junction is more reverse biased and the 
penetration of depletion region is more into the channel resulting in reduced channel width. 
The pinch-off now occurs at a smaller value of Vp and the saturation current Jp also 
reduces. Thus as Ves is made more and more negative, the V-J curves shift downwards. 

If, however, Vie is made positive so as to forward-bias the pr-junction as shown by the 
curve for Vg = +0.2 V, the current Jp increases. The gate current J, will be however, very 
amall as this voltage is less than the cut-in voltage V, (= 0.5 V for Si). A JFET is never 
operated with V5 as positive, as for higher values of Vzs, the gate current will increase and 
reduce the effective amplifier operation. 

The saturation drain current for Vgs = 0 V is designated as Ings and is a useful 
parameter. It is usually specified in the manufacturer's data sheet and is useful in finding 
the transconductance of an FET. 


Breakdown region: If we go on increasing Vps, a value is reached at which the pn- 
junction between the drain region and substrate suffers avalanche breakdown. This break- 
down usually occurs at 50 V to 100 V and results in a rapid increase of current. 
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It can be seen that the breakdown occurs at a lower value of Vpe¢ as the gate is more 
and more reverse biased. This is due to the fact that reverse bias gate voltage gets added 
to the drain voltage, thereby increasing the effective voltage across the pr-junction. The 
breakdown voltage between drain and source with the gate short circuited to the source is 
designated as BVpss in the manufacture data sheets. 


Cut-off region: As Vas is made more and more negative to reverse bias the gate, the 
width of the conducting channel goes on decreasing. For |Vgs| = | V,|, the channel width 
is reduced to zero and saturation current [pe = 0. In a practical situation, leakage current 
Iporr flows even under the cut-off condition |Ves| > |¥,|, and is of the order of about 1 
pA in IC devices. 

In the cut-off state, a small current in the range of pA also flows from gate to source. This 
current is called gate reverse current or gate cut-off current and is designated by Iigegc. 


7.3.2 Transfer Characteristics 


The transfer characteristics of an FET is drawn between the output drain current Jp and 
input gate source voltage Vges for a fixed Vpg. These characteristics can be easily obtained 
from the output characteristics of an FET as shown in Fig. 7.8. 


Tp (mA) Ip (mA) 
1010 
8 8 

InssP8 8 Ings Vos=0V 

Na 7 | 
6 6 la Vos = 5'V 
6 sty = 
alee 
g = Veg =-2 V 
; | | Vog =-3V 
eke ay RE | Vos =-4V 


Vat) 4+ -3 -2 -1 [6 0 5 10 15 20 25 Ving 
In = 0 mA, Vag ™ Vp 
Fig. 7.8 Obtaining transfer characteristics from output/drain characteristics of a JFET. 


For Vpg = 5 V, say, the values of [p for Veg varying from 0 V to Veg = V, (in this case 
—4'V) are plotted on I, vs Vgg graph on the left. It can be seen that a parabolic curve results 
because the vertical spacing in the output characteristics is not constant for the same 
change in Ves. As Vgg becomes more and more negative, the spacing in the output charac- 
teristics goes on decreasing. 

The transfer characteristics can also be expressed analytically by Shockley's equation: 


a 

V, 

Tp =! pss r = a (7.5) 
P 
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There is no mathematical derivation of this equation, however it fits best in the para- 
bolic shape of the transfer curve. This equation is valid for both p-channel and n-channel 
JFETs as Vigg and Vp both are either positive (for p-channel) and negative (for n-channel). 

For de analysis of FET amplifiers, that is, for finding the Q-point, a graphical approach 
is found to be more convenient compared to mathematical. The graphical approach requires 
equation (7.5) representing transfer curve to be plotted for finding the Q-point. Since trans- 
fer curve has to be plotted invariably for the dc analysis of FET, we discugs a simple way 
to plot these characteristics. 

For Ves = V,/2, the resulting Jp is found from the Shockley’s equation as: 


z 
V, 
Tp = Inss (1 - Yas (7.6) 
fi] 
: 3 
V/2 
= Ings |1-— 
Vp 
= Inge (0.25) (7.7) 
Thus, Ip = “B88 (7.8) 
4 Vag =V, (2 


If we choose, Jp = Ipgs/2 and substitute into Eq. (7.5) we find that 


Ves =V, [.- at (7.9) 
DSS 


=V,, [i = tose) 
Tpgs 
=V,(1- v0.5) 
= V,(0.293) (7.10) 
or Vos =0.3V5|, 1 is (7.11) 


The transfer curve now can be plotted to a satisfactory level of accuracy using the four 
points shown in Table 7.1. 


Table 7.1 Points for Plotting Transfer Curve of a JFET 


Ves Ip 
oO Inge 
0.3V, Teasl? 
% 0.5V, Leasl 


Ve O mA 
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EXAMPLE 7.1 


Plot the transfer curve of an FET if Ings = 12 mA and V, = —5V. 


Solution: Two end points of the transfer 
curve are defined by 


Also, for Vas = 0.3V, 


and for 


Ings = 12 mA for Veg = 0 V 
Ip = 0 mA for Vag = V, = -5 V 


= 0.3(-5) 
= -L5V 
Ip = Ings’ = 6 mA 
Veg = 0.5V, 
= 0.5(-5 V) 
= -2.5 V 
Ip = Ipgal4 
= 3 mA 


4 4+ 3 4 -1 O Vas 
Fig. 7.9 Transfer curve for Example 7.1. 


The transfer curve using these four points are shown in Fig. 7.9. 


7.4 COMPARISON OF FET WITH BJT 


The junction field-effect transistor or JFET came as an improvement over BJT and has 
many features which are an advantage over BJTs. Here are listed some of the important 
differences in FETs and BJTs: 


(i) 


An FET is essentially a unipolar device as the current is conducted by only one type 
of carriers (electrons for n-channel and holes for p-channel FET). The BJT on the 
other hand is a bipolar device as conduction of current is due to both holes and 
electrons. 


(ii) An FET is characterized by high input impedance, usually of the order of several 


(iii) 
(iv) 
(v) 
(wi) 
(vii) 


hundred mega ohms, wherens for BJT it is of the order of few kilo ohms. This 
feature makes FET more suitable as a voltage amplifier compared to BJT. 

FETs are more temperature stable compared to BJTs. 

FETs are simple to fabricate and occupies less area on the silicon chip. 

It is less noisy than BJT. 

FET is a voltage controlled device whereas BJT is a current controlled device. 

It has zero off-set voltage at zero drain current unlike the cut-in voltage (V,) for a 
BJT and hence makes an excellent signal chopper. 


7.4 METAL-OXIDE SEMICONDUCTOR FET (MOSFET) 


As a further improvement over JFET, the metal-oxide semiconductor field-effect transistor 
(MOSFET) got introduced in 1970's. MOSFETs have input impedance even higher than 
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JFET, can be made very small and their fabrication is relatively simple. So much so, that 
MOSFETs have made JFETs virtually obsolete. The use of JFETs is limited to applications 
using discrete components both as an amplifier and as a switch. In IC applications, it is used 
in the design of the differential input stage of some operational amplifiers. However, most 
of the VLSI circuits at present are made using MOS technology. Examples include micro- 
processors and memory chips. MOS technology is being extensively used in the design of 
analog integrated circuits and in [Cs that combine both analog and digital circuits. There 
are two types of MOSFETs: (i) Enhancement MOSFET, (ii) Depletion MOSFET. We shall study 
the structure, physical operation and volt-ampere characteristics of both types of MOSFETs. 


7.0.1 Structure and Physical Operation of Enhancement-MOSFET 


The enhancement type of MOSFET is the most widely used field-effect transistor. Figure 
7.10(a) and (b) shows the detailed physical structure and cross-sectional view, respectively 
of the n-channel enhancement-type MOSFET. The transistor is fabricated on a p-type 


ioe + 


(Body) 


Source iS) - Gate (G) Dron (2) 
Oxide (8i0,) Metal 
Fe 


ae aR aN la a ad a al a ad 


Channel region. 


petype substrate 


4 Body (B) 
ib) 


Fig. 7.10 Physical structure of the enhancement-type NMOS transistor (a) Detailed view; 
(b) Cross-section. [Typically ZL = 1 to 10 pm, W= 2 to 500 pm] 


348 Electronic Devices and Circuits 


substrate which provides physical support for the device. Two heavily doped n-type regions 
indicated in the figure as the n* source and n* drain are diffused into the substrate. A very 
thin (0.02 to 0.1 pm) layer of silicon dioxide (SiO,) which is an excellent electrical insulator 
is grown on the surface of substrate covering the area between the source and drain regions. 
Metal (Aluminium) is deposited on top of SiO, layer to form the gate electrode of the device. 
Metal contacts are also taken out from the source region (S), drain region (D), and the 
substrate also known as the body. It can be seen that the name metal-oxide semiconductor 
FET is derived from the physical structure only. 

Nowadays, MOSFETs are fabricated using silicon-gate technology in which a polysilicon 
layer is used to form the gate electrode. This, however, does not change the operation of the 
MOSFET. 

MOSFET is also commonly known as insulated gate FET or IGFET for the simple 
reason as the gate electrode is electrically insulated from the substrate or device body by 
the oxide layer. It is because of this insulating layer (silicon oxide or polysilicon) that the 
gate current is extremely small (of the order of 10-™ A) and input impedance is high (10 
to 101° £3), 

If no voltage is applied to the gate terminal (i.e. Vig = 0), it can be seen that there are 
two back to back diodes in series between drain and source regions. One diode is formed 
between n* drain region and the p-type substrate and the other diode is formed between 
p-type substrate and the n* source region. Now, even if a voltage Vps is applied, current can 
not flow through these back-to-back diodes. 

Now consider the case when 7 
source and drain both are grounded ue SS eae as ter ac = 
as shown in Fig. 7.11 and a positive = 
voltage Ves is applied to the gate. 
This positive voltage establishes an 
electric field which induces negative 
charges in the p-substrate just 
below the SiO, layer. The ‘induced 
n' region inside the p-substrate 
forms a channel for current flow 
from drain to source. The gate and 
substrate infact forms a parallel 
plate capacitor with oxide layer 
acting as a dielectric. The positive 
gate voltage causes positive charge 
to accumulate on the gate electrode. = 
This in turn induces negative Fig. 7.11 The enhancement-type NMOS showing 
charge on the bottom plate, i.e., induced channel for Veg > 0 and Vps = 0. 
p-substrate thereby producing an 
induced channel. . 

It is because of this n-type induced channel that the structure shown in Fig. 7.11 is 
called n-channel MOSFET or simply NMOS transistor. The induced channel is also 
called inversion layer az the induced electrons change p-type substrate into n-type. 

There is a value of gate voltage Vas at which sufficient number of mobile electrons get 
induced into the p-type substrate to form a conducting channel. This voltage is called 
threshold voltage and is designated as Vy. Obviously, the value of Vy for an n-channel 


og | 


| | ris ype 


a FE re ee 
¥ 4 
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FET is positive. The value of V7 can be controlled by various fabrication techniques and 
typically lies in the range of 1 to 3 V. 

Once a channel is formed, if now a positive voltage Vpg is applied between drain and 
source as shown in Fig. 7.12, it can be seen that a current J, flows through the induced 
channel. Current is carried by the free electrons travelling from source to drain. 
Conventionally, the direction of current is positive opposite to the direction of flow of negative 
charge, hence the current Jp is positive from drain to source as indicated in Fig. 7.12. The 
magnitude of J, depends upon the density of the electrons in the channel which in turn 
depends upon the magnitude of gate voltage Vac. For Vee = Vr the threshold voltage, 
channel is just induced and current is negligibly small. As Vics is increased above V7, the 
channel depth increases. This 
increases the number of electrons rs 
and hence Jp increases. Thus, Tr. Ving (emall) 
increasing Vag above Vr ‘ages In| se 
enhances the channel and hence mt 
the name enhancement-mode 
operation or enhancement type 
MOSFET. 

For small values of Vpg (in Se haducad nichnorel 
the range 0.1 to 0.2 V), the device 
operates as a linear resistor 
The relationship between J, and 
Vos follows simple ohm’s law. 

As Vpe is increased further, Fig. 7.12 An NMOS transistor with Ves > Vr and 
the voltage Vps appears as a small Vang. 
voltage drop across the length of 
the channel, That is, as we move 


from source to drain, the voltage ey ‘ 
increases from 0 to Vps. Because ae = Vig 
of this, the voltage between the £ Go)ta=0 bk bp L- 
gate and the points along the sie In 
channel decreases from a value 
Ves at the source end to (Vie — 
Vpg) at the drain end. The 
channel depth, therefore, is no 
longer uniform and is tapered as 
shown in Fig. 7.13, The current 
Ip no longer increases linearly 
as we have geen in the case of 
FET. Eventually, as Ving is 
further increased, the channel Fig. 7.19 NMOS transistor showing tapered 

depth at the drain end becomes indwueed channel for Vos increased. 
almost zero and channel is 

pinched-off. Now, even if Vpg is further increased, the shape of the channel does not change 
much and the current through the channel remains constant at the value reached for 
Vig = Vas — Vr. The drain current has thus saturated and MOSFET is said to have entered 


p-type eubtrate 


= 
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The transfer curve is now given by the relation: 
Ip = 0.25 x 10°? (Veg - 1F (7.17) 
Two points are already available on the transfer curve as: 
Ves =1YV, Ip =0 
and Ves =5V, Ip = 4 mA 
For Ves = 4 V, the value of Jp is found from Eq. (7.17) as 
0.25 x 10-7 (4 - 17 
=0.25x 107x949 
= 2.25 mA 
One may find J, for one more value of Ves, say at Veg = 3 V to plot the transfer 
characteristics. 
EXAMPLE 7.2 


An enhancement type NMOS transistor with Vr = 2 V has source terminal grounded. If 
Ves = 3 V, define the regions of operation for (a) Vpg = +0.5 V, (b) Vpg = 1 V, (c) Ving = 5 V. 


Ip 


Ml 


Solution: It is easily seen that the transistor is either in ohmic region or saturation region 
as Veo > Ve 


(a) Vag - Vr = 3-2 
=1V 

Since Vos < Ves — Vr 
Therefore, transistor is in ohmic region. 

(b) Vong =1¥ 
As Vos = Vee -— Vr = 1 V, 
the transistor ig in saturation region. 

(ec) Vnos = 5 V 
therefore, Vng > Vas — Vr 


the transistor is in saturation region. 


7.5.3 p-channel Enhancement MOSFET 


The structure of a p-channel enhancement MOSFET is shown in Fig. 7.17. It can be seen 
that it has two p*-type regions in an n-type substrate. The physical operation of a p-channel 
MOSFET is same as that for NMOS device discussed earlier. The circuit symbol for 
p-enhancement-type MOSFET is shown in Fig. 7.18(a). If the substrate is connected to 
source internally, the simplified symbol of Fig. 7.14(b) is used. The voltage and current 
polarities are shown in Fig. 7.18(c) and can be seen to be opposite to that for NMOS. 


Hidden page 
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8 B 
7 T 
= 6 6 
& 5 
Vag 2-6 V 
4 4 o 
a a 
2 2 Ves=aA¥ 
4-5 4-3-2 -1 |0 Vi4¥) Vost¥) 
Vp 
Vos = Vp=-2V 
(a) (b) 


Fig. 7.19 p-channel enhancement-type MOSFET with Vr = -2 V. 


7.64 THE DEPLETION-TYPE MOSFET 


We now discuss a second type of MOSFET, the depletion-type of MOSFET. The structure 
of an n-channel depletion-type MOSFET is shown in Fig. 7.20. The main difference between 
depletion MOSFET from enhancement-type MOSFET is the presence of a narrow n-channel 
embedded into the substrate in the region between n* source and n* drain. Now, if a voltage 
Vos is applied between drain and source, a current Jp flows even for Veg = 0 due to the 
presence of free electrons in the channel. This means that there is no need to induce a 
channel to cause a current to flow as in the case of enhancement MOSFET. 


Bounce (5) Gate (CG) Drain iD) 


b 
Body (5) 
Fig. 7.20 Structure of an n-channel depletion-type MOSFET. 


The channel depth and hence its conductivity is controlled by Vig. A positive Vas 
enhances the conductivity of the channel by inducing more free electrons to it. However, if 
we apply a negative Vigs, electrons are repelled from the channel decreasing its conductivity. 
The negative Vis is said to deplete the channel of its charge carriers and this mode of 
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operation is called depletion mode. If the gate voltage is made more negative, a value is 
reached at which the channel is completely depleted of charge carners and current J, is 
reduced to zero even though Vps may still be applied. This negative value of Vizs is called 
the threshold voltage Vy of the n-channel depletion type MOSFET. It is easily seen that 
a depletion-type MOSFET can be operated in the enhancement mode by applying a positive 
Veg and in the depletion mode by applying a negative Ves. 


The circuit symbol for the n- D D 
channel depletion-type MOSFET is 
shown in Fig. 7.21(a). The only 
difference between this from the 
symbol of enhancement-type device is ’ | B Go | 
that the vertical line representing the 
channel is solid, signifying that a 
physical channel exists. When § 5 
(a) (b) 


substrate (or body) is connected to 


source, the simplified symbol shown 
in Fig. 7.21(b) is used where the Fig. 7.21 (a) Circuit symbols for the n-channel 


shaded area indicates the embedded depletion-type MOSFET. (b) Simplified 
channel. circuit symbol when source (5) is 
Fi 7.22(a) st achiniel connected to substrate (B). 


depletion-type MOSFET biased for 

common source (C'S) configuration, for which the Vng — J, characteristics are shown in Fig. 
7.22(b). The various regions of operation: cut-off, ohmic and saturation regions have been 
shown on the curves. It may be noted that as the threshold voltages V> is negative, the 
depletion NMOS operates in the ohmic region for Vpg = Ves — Vy. In the saturation region, 
Vos = Vas - Vr 


Saturation region ———* 
! Vos 2 Von- Vr 
sehen! Vag=+2V (Vp+6) 


Enhancement 
region 


Vos = +1 V (V,+5) 


Vas = OV (V+ 4) 


Vas =-1¥ (¥>+ 3) 


Vas =-2¥ (Ve* 0 
Vos =—3V (We+ 
14 Vos Y) 

Ves 2-7 VV 


Depletion region 


” Cut-off region 
{a} (b) 


Fig. 7.22 (a) A depletion type n-channel] MOSFET biased in common source (CS) 
conhiguration, (b) Drain characteristics. 
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Thick S10, (isolation) 


Fig. 7.24 A cross-sectional view of a CMOS. 


One of the main advantages of CMOS devices is that it is possible to reduce the power 
dissipation to very low levels (< 50 nW) which is a very important criterion in all the VLSI 


circuits. 


7.8 THE MESFET—GALLIUM ARSENIDE (GaAs) DEVICES 


The various devices discussed in the text so far, that is, BJTs and FETs are made of silicon. 
There is however one more semiconductor material, gallium arsenide (GaAs) which has been 
found to be very useful in digital applications that require extremely high speed of operation 
and analog applications that require very high operating frequencies. Gallium Arsenide is 
a compound semiconductor formed of gallium from III-group and arsenic from the V-group; 
thus GaAs is also known as IT-V semiconductor, 

The GaAs technology is still in the early stages of development. The active device 
available in this technology is an n-channel FET known as metal semiconductor FET or 
MESFET. The technology also provides a diode known as Schottky barrier diode (SBD). 
Fig. 7.25 illustrates the structure of these two basic devices. The GaAs devices are fabricated 


—— metal 


So 
Anode Cothode \ Source (S$) ieate (ir) Drain i 
] Cont at F se ° 
TI ELIE 


= 


_ inetal 


~Tenlition regions” * vin . 
Bemi-insulating 
Gis substrate 


Fig. 7.25 Cross-sectiou uf » GaAs Schottky barrier diode (SED) and a MESFET. 
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on an undoped GaAs substrate for which the conductivity is very low. The substrate thus 
is semi-insulating and, therefore, this technology simplifies the process of insulating the 
devices on the chip from one another. The Schottky barrier diode consists of a metal- 
semiconductor junction where metal forms the anode of the diode. It is referred to as 
Schottky barrier metal as it is different from the metal used for making a contact. The n- 
type GaAs forms the cathode and the n* GaAs between the n-region and the cathode metal 
contact reduces the parasitic series resistance. 

The gate of the MESFET is formed by the Schottky barrier metal in direct contact with 
the n-type GaAs that forms the channel. The source and drain contacts are also surrounded 
by heavily doped (n*) GaAs regions to reduce parasitic resistances. 

The MESFET operates in a very similar manner to JFET with the Schottky metal 
playing the role of the p-type gate of the JFET. BD 
The most common GaAs MESFETs available 
are of the depletion type with a threshold volt- 
age Vy in the range of —0.5 to —2.5 V. Only n- 
channel MOSFETs are available in GaAs tech- 
nology. This is because holes have relatively 
low drift mobility in GaAs and hence p-chan- 
nel MOSFETs are less attractive. a 

The circuit symbol for the depletion type (a) tb) 
n-channel GaAs MESFET and Schottky-bar- Fig. 7.26 Circuit symbols for (a) n-channel 


rier diode are shown in Fig. 7.26(a) and (b) depletion type GaAs MESFET, 
tively. (b) Schottky barrier diode (SBD). 


7.9 BLASING IN JFET/MOSFET 


It has been shown in Chapter 5 that it is essential to establish an appropriate de operating 
point for the BJT when it is used as an amplifier. Similarly, for the design of an (FET/ 
MOSFET amplifier, a biasing circuit is needed to establish an appropriate de operating 
point, The de analysis for FET is slightly complicated compared to BJT due to the nonlinear 
relationship between input and output quantities. The relationship between Jp and Vee for 
both JFET/MOSFET contains a square term and thus complicates the mathematical analy- 
sis. The graphical approach is found to be more convenient, and will be shown for the 
various biasing schemes. 


7.9.1 Biasing Arrangements for JFET 


Fived-bias arrangement: Figure 7.27 shows an n-channel JFET ainplifier biased by a de 
voltage source Vg; and the ac input signal v; applied through a coupling capacitor C,. The 
ac output voltage v, is taken from the drain through the coupling capacitor Cy. 
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(a) (b) 
Fig. 7.27 (a) Fixed-bias arrangement for an n-channel JFET, (b) DC equivalent circuit. 


The resistance Rg is usually high (in MQ) and ensures that the input signal v, appears 
at the input of the FET for ac analysis. As we are interested in the dc analysis, capacitors 
C, and C, can be taken as ‘open circuits’. Further, as gate current J, = 0, the voltage drop 
across Ay; is zero and hence can be replaced by a short circuit in the de equivalent circuit 
shown in Fig. 7.27(b). 


It can be easily seen from Fig. 7.27(b) that 


Ves = -Vea (7.18) 


As View 18 a fixed de supply, the voltage Vic is fixed and hence the name ‘fixed-bias 
configuration’. The drain current J, can be computed from the Shockley’s equation: 


2 
In = Ines [i - Yes (7.19) 
V, 

where the values of Ipgg and Vp are provided by the manufacturer for a given transistor. 


As is seen, the analysis in this circuit is simple, direct and can be done mathematically 
and one need not use graphical analysis. 


The drain-to-source voltage, Vp; can be found by writing KVL for the output circuit as: 
Von = InRp + Vos (7.20) 

or Vig = Voip a InRp (7.21) 
The fixed-bias arrangement, although very simple has the disadvantage that it uses a 


separate supply for biasing. This biasing arrangement is, therefore, rarely used in practice. 
This problem is eliminated in the self-biased arrangement. 


Ma EXAMPLE 7.3 


Figure 7.28 shows an n-channel JFET using fixed bias configuration. It is given that Inge 
= 12 mA and V, = —4 V. Determine Jpg and Vpsg. 


Solution: As J; = 0, we get from the gate source circuit, 
Vos =-15V 
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Using Shockley’s equation, 


AV 
So Ing = 4.7 mA = + 
From the drain source circuit, a te 
Fig. 7.28 Circuit for Ex. 7.3. 
Vos = Van — Inftp 
= 12 - (4.7K 1.2) 
= 12 — 5.64 
= 6.36 
i.e. Vosq = 6.36 V 
Thus, the Q-point is: 
Ing = 4.7 mA 
Vosg = 6.36 V 


Self-bias configuration: A self-biased n-channel FET amplifier using a single power 
supply is shown in Fig. 7.29(a). 


(a) . ) 
Fig. 7.29 (a) A self-biased n-channel JFET, (b) de equivalent circuit. 


In the de equivalent circuit shown in Fig. 7.29(b) capacitors C, and C, are replaced by 
‘open circuits’ and resistance A, has been replaced by a short circuit as J; = 0. In Fig. 7.2%b), 
it is seen from the gate source loop, 

Vas = —[pRs (7.22) 
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For a mathematical solution, the value of Vog is substituted in Shockley’s equation as: 


2 
Ip =I pas ra (7,23) 
Vp 
3 
aie: [+ Ze (7.24) 
V; 


This gives a quadratic equation in [py and can be solved for an appropriate solution for Ip. 
However, a graphical approach in this case is found to be more convenient. 

In the graphical approach, first we plot the ata f 
transfer characteristics of the JFET by the Se ace Ings 
procedure described in section 7.3.2 and shown in i 
Fig. 7.30. Equation 7.22 represents a straight line 
called the bias line and is plotted on the transfer 
characteristics. [t can be seen that the bias line F 
goes through the origin and has a slope of —1/Rs. og 

The intersection of the bias line with the 
transfer characteristics gives the operating point, 
that is, the values of the drain current [pg and 


gate-to-source voltage Ves, as shown in Fig. 7.30. -¥, Vasq u Vos 
The value of drain to source voltage Vpgg can now Fig. 7.30 Transfer characteristics of 
be obtained from the KVL equation for the output a JFET. 
loop 

Von = Inffp + Wng + Inks (7.25) 


Substituting the value of Ip = Ipg in Eq. (7.25), we can determine the value of Vigo 


a EXAMPLE 7.4 


Given Ings = 6 mA and V, = -6 V for an n-channel 
JFET in the circuit shown in Fig. 7.31. Determine 
Vise Ins Vo and Vs. 


Solution: The circuit is using self-bias configura- 
tion, therefore, it is convenient to use the graphical 
approach, As a first step, we plot the transfer char- 
acteristics using the Shockley’s equation: 


R, 
V, a 
In = Toss - Yas (1 May 
P 
a — = 
Vas = = 
sas (1 - {-6 ‘| Fig. 7.31 Cireuit for Example 7.4. 


Using the four-point method for plotting the transfer characteristics discussed in section 
7.4.2, we get 
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Point 1: Veg =O0V Ip = Ings = 6 mA 
Point 2: Vas = Vp = -6V Ip = O mA 

Point 3: Ves = 0.3V, = -1.8 V In = Inge = 3 mA 
Point 4: Vos = 0.5V, = -3.0 V In = Ingal4 = 1.25 mA 


The transfer curve using these four points is 
shown in Fig. 7.32. 


The bias line is obtained from the gate source 
circuit as: 
Vas = —Ip Rs 
= =Ip (1.6 kn) 
This is the equation of a straight line and we 


need two points to draw it. These two points can 
be 


Point 1: Veg = 0 V for Ip = 0 
Point 2: Ves = 4.2 ¥V for In = 2 mA, 


-6V -4¥V -2V 0 


and are shown in Fig. 7.32. Fig. 7.32 Transfer ch ss 
The operating point is found from the point of alle i ae 
intersection of transfer characteristics with the bias - 
curve as: 
Ing = 1.6 mA 
Vase = 27 VY 


Writing the KVL for the output loop, 
Von = InlfRp + Rg) + Vos 

So Vosg = Vos = Vpn - Ing (Rp + Rg) 

= 12 — 1.6 (2.2 + 1.6) 
12 = 6.08 = 5.92 V 
Also Vs = Inks 

= 16™ 1.6 

= 2.56 V 
and Va = Vosg + Vs 

= 6.92 + 2.56 

= 8.48 V 


il 


Voltage-divider biasing: Another commonly used biasing arrangement called voltage- 
divider biasing is shown in Fig. 7.33(a). It can be seen that it is similar to self-bias or 
emitter bias circuit used for BJT biasing. 
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(a) 
Fig. 7.33 (a) Voltage-divider biasing scheme for an n-channel JFET, (b) Simplified 


de equivalent circuit. 


The simplified de equivalent circuit is shown in Fig. 7.33(b) where resistance divider 
network A, and Ay have been replaced by its Thevenin's equivalent. The method of analysis 
for this circuit is demonstrated in Example 7.5. 


i EXAMPLE 7.5 


An n-channel JFET has V, = -5 V; Inse = 12 mA and is used in the circuit shown in 
Fig. 7.34. Determine the operating point. 


Vp (18 V) 

Rp 

R, 7 

2 kil 

(ano ka { } 
Rt, R 

8 

(90 ko) (2 kev) 


(a) 
Fig. 7.34 (a) Circuit for Example 7.5, (b) Simplified circuit. 


Solution: The transfer characteristic shown in Fig. 7.35 ig first drawn by finding four 
points using the equation: 


fe Z 
Ip =o (1-YB*] 


p 


where [pes = 12 mA and V,=-5 V 
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A simplified circuit is obtained by 
replacing the gate-bias resistor divider 
network FA, and Rs by its Thevenin’s 
equivalent as shown in Fig. 7.33(b). 
Here 


Ry 
Ven = —_..Y, 
GG R, +R, Bp 
_ 90 
400 + 90° 
and Re = R, || Re 
= 400 kf? || 90 kf) = 73.5 kf 


18 =3.31 V 


ig. 7.35 ‘Transfer-characteristics for 
The value of Ae infact is not re- i the given JFET. ere 


quired as current J; through it is zero 
and as such there is no voltage drop 
acrods it. The bias line is obtained from 
the KVL for the gate-loop as: 


Voa = Vas + IpRs 
V, V, 
or In=- x + ER 
For Rg = 2 kQ, the intersection of the bias line with the transfer curve shown in 
Fig. 7.35 gives the Q-point as: 
Vase = -2.53 V 
Ing = 2.92 mA 
Writing KVL for the drain source loop, we have 
Vis = Ia} Ved inl 
Vos = Vase = Von — Ingltp + Rs) 
= 18 — 2.92 (2 + 2) 
= 6.32 V 
Thus, Vosg = 6.32 V, Ing = 2.92 mA. Ans. 


7.9.2 Biasing for MOSFETs 


We have earlier discussed the two types of MOSFETs: (i) enhancement-type (ii) depletion- 
type. It may be noted that the transfer characteristics for JFET and depletion-type MOSFET 
are quite similar except the difference that the depletion-type MOSFET permits operation 
for positive values of Vgc as well and current I, exceeds Ince. Due to the similarity of 
transfer characteristics, the various biasing configurations discussed for JFET are found to 
be suitable for depletion type MOSFETs as well. 

However, the transfer characteristics of the enhancement-type MOSFET are quite 
different from that of JFET and depletion-type MOSFETs. It may be recalled that the drain 
characteristics of an n-channel enhancement-type MOSFET are given by 
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In = k(Vesg — Vr" (7.26) 

The value of & is determined from the typical values of Jp, Vag and Vy provided. Once 
kis defined, the transfer characteristics are plotted. For an n-channel enhancement MOSFET, 
Vr is positive and transfer curve is plotted for the positive values of Vag > Vp 

Out of the three biasing arrangements discussed for JFET, it is possible to use fixed- 
bias and voltage divider arrangement for biasing n-channel enhancement-type MOSFETs. 
However, the self-bias arrangement of the type shown in Fig. 7.29 cannot be used as the 
voltage drop across the resistance Re is in a direction to reverse bias the gate, whereas we 
require a positive gate bias for n-channel enhancement-type MOSFETs. 

A popular biasing arrangement for n-channel enhancement-type MOSFET is shown in 
Fig. 7.36(a). 


(a) 


Fig. 7.36 (a) Feedback biasing arrangement for n-channel enhancement type 
MOSFET, (b) de equivalent circuit. 


The circuit uses a large feedback resistor Ag that forces the de voltage at the gate to 
be equal to that at drain (as J; = 0). From the de equivalent circuit shown in Fig. 7.36(b) 
it can be seen that 


Ves = Vins (7.27) 

and from the output circuit, 
Vos = Von - InRp (7.28) 
or Vas = Von — Ipftp (7.29) 


This equation when plotted on the transfer characteristics provides the @-point at the 
point of intersection as shall be shown by Example 7.6 


EXAMPLE 7.6 


An n-channel enhancement type MOSFET amplifier shown in Fig. 7.37 has Ip = 6 mA 
for Vag = 8 V and Vr = 3 V. Determine the de operating conditions that is, compute Vngg 
and Ing. 


12 ¥ 


” oe 
Fig. 7.37 (a) Circuit for Ex. 7.6, (b) Simplified de equivalent circuit. 


Solution: The transfer curve for the n-channel enhancement MOSFET is obtained from 


Eq. (7.16). 
Ip = k( Ves — VrF 
i 

Therefore, k= Was -VeF 

_ 6 

(8-3) 

= 0.24 = 10° Av? 

The curve, 


Ip = 0.24 x 1074 (Vgg - 37 
is plotted as shown in Fig. 7.38. 


The simplified de equivalent Fy (mA) 
circuit is shown in Fig. 7.37(b). The 
bias line is 12 
Vas = Von -— In Fn 10 
=12-IpnxZ 8 


The two extreme points on the 
bias line shown in Fig. 7.37(b) are 
given as: 4 

Vas = 12 V for Ip = 0 mA 4n0= 2-75 mA 
and for Ves = 0 V, 
8 10 2 VistV) 

Ip =" =6mA Vosg = 6.4 V 


The point of intersection gives | Fig. 7-38 Transfer characteristics for finding 
the @-point as: @-point graphically. 
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Vaso = 6.4 V 
Ing = 6.4 V 
and Vosg = Vase =64 ¥V¥ 


i EXAMPLE 7.7 


Determine the operating point, ie., Jpg, Vnsg and Vesa for the voltage divider biased 
n-channel enhancement type MOSFET shown in Fig. 7.39(a). It is given that Vr = 3 V, and 
In = 5 mA for Veg = 6 V. 


Von (24 V) Von (24 V) 
A, 
R, 2.2 kf cy 
(10 Mit) (2.2 ky) 
= 
R, Rg 
(6.8 Ma) 0.75 kn 0.75 kO 
Vee 
@.7¥) 
(a) 6 — 


Fig. 7.39 (a) Circuit for Example 7.7, (b) Simplified circuit diagram. 


Solution: The transfer characteristics of the n-channel enhancement type MOSFET are 
obtained using Eq. (7.16). 


Pane! Dee 
(Var -Veh 
6 
(6-37 
= 0.56 x 1073 A/V? 
Thus, In = RiVes -— Wr" 


= 0.56 x 10° (Vgg — 3)? 
The transfer curve obtained is shown in Fig. 7.40. 


The simplified circuit diagram using Thevenin's equivalent representation of voltage 
divider network is shown in Fig. 7.89(b), where 


_ (6.8)(24) 
10+68 ~27¥ 
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aTyY 
Fig. 7.40 Transfer curve for finding @-point. 


There, is no need to compute the value of Rg as no current flows through it. The 
equation for the bias curve is obtained by writing KVL for the gate-source loop as: 
Ves = Vee — Infts 
= 9.7 — [pf0.75) 
Thus, for Ip = 0 mA, Vas = 9.7 V 


and for Ves = 0 V, Ip = 21 =12.9mA 


The bias curve is obtained by joining these two extreme points as shown in Fig. 7.40. The 
point of intersection of the bias curve with transfer characteristics gives the @-point and is 
obtained from Fig. 7.40, as: 
Vasg = 6 V 
Ing = 5 mA 
The value of Vasg is obtained from the output circuit as, 
Vose = Von — InglRp + Rs) 
= 24 — 5 (2.2 + 0.75) 
= 34 -— 14.75 = 9.25 V 


@ FET is a unipolar device as current is conducted by one type of carriers only (electrons 
in A-channel and holes in p-channel). 


@ Compared to BJTs, FETs have higher input impedance, better temperature stability, 
less noise, are smaller in size and easy to fabricate. 


@ FETs are suitable for VLSI circuits as they occupy less area on the silicon chip com- 
pared to BJT. 
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An FET is a voltage controlled device whereas BJT is a current controlled device. 
The output/drain characteristics of a JFET have four regions of operation: (1) ohmic 
region, (ii) saturation or pinch-off region, (iii) breakdown region and (iv) cut-off region. 
The transfer characteristics of a JFET is expressed by Shockley's equation: 


@ 
V, 
[nul 1-— 
DB oss | 


where Ings is the value of Ip for Ves — 0. 


e MOSFETs are of two types: (i) enhancement MOSFET and (i) depletion MOSFET. 


MOSFETs provide very high input impedance (~ 10°" to 10'% Q) compared to JFET as 
the gate is insulated from the substrate by a silicon dioxide or polysilicon layer. 


In enhancement MOSFET, the gate-to-source voltage Veg should be greater than a 
threshold voltage, Vy; so as to conduct the device. Vy is positive for n-channel enhance- 
ment MOSFET and negative for a p-channel enhancement MOSFET. 


The three regions of operation of a n-channel enhancement MOSFET are: 


Cut-off: Ves = Vr 
Ohmic: Vos © Ves - Vr 
Saturation: Vas = Ves = Vr 


The transfer characteristics of an NMOS are given by the relationship: 

Ip = k(Vag — Vr" 
For use as an amplifier, FET should be biased in the saturation region. For switching 
applications, device operates in the cut-off and ohmic regions. 
p-channel enhancement MOSFET (PMOS) are leas popular as they provide less current 
(hole mobility < electron mobility) and occupy three times the area occupied by NMOS. 
Depletion-type MOSFET have an n-channel embedded in the substrate between source 
and drain. 
A depletion-type MOSFET can be used both with Vz< positive and negative, Le., 
enhancement and depletion modes, respectively. 
Complementary MOS devices (CMOS) have virtually replaced NMOS in all the VLSI 
circuits due to very low power dissipation. 
MESFET (GaAs-devices) are useful in high speed digital applications and high fre- 
quency analog applications. 
The biasing of JFET/MOSFET can be done by using: (1) fixed-bias, (i) self-bias or 
(iii) voltage divider biasing as in the case of BJT. 
The de analysis of JFET/MOSFET is usually done by graphical analysis, that is, first 
plotting the transfer characteristics and finding the point of intersection with the bias- 
line. 
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Sketch the transfer characteristics of a JFET with Jpgg = 12 mA and V, = -4 V. 
Sketch the transfer characteristics of an n-channel enhancement type MOSFET if 


Vr = 3.5 V and k = 0.4 x 107% A/V". 


Given V>; = 4 V and Jp = 4 mA at Veg = 6 V, determine & and plot the transfer 


characteristics of the MOSFET. 


Given & = 0.4 x 10° A/V? and Ip) = 3 mA at Vas 
= 4 V, determine Vz. 

(Ane. 1.27 V) 
If Vp = —5 V and & = 0.45 x 107 ASV®, what 
type of MOSFET it is? Sketch its transfer char- 
acteristics. 
For a depletion-type MOSFET, it is given that 
In = 14 mA at Ves = 1 V. Determine V, if 
Inge = 9.5 mA, 

(Ans. V,, 4.76 V) 

For an n-channel JFET shown in Fig. 7.41 
determine Vp. Given: Ipec = 8 mA, Vp = —4 V. 

(Ans. 18 V) 


For the n-channel JFET using self-bias as 


shown in Fig. 7.42, it is given that voltage at 1 Mo 


source Ve = 1.7 V. Determine (i) Ipg (il) Vesa 
(iii) Ings and Vp. 
(Ans. 3.33 mA, -1.7 V, 10.06 mA, 11.34 V) 


The JFET in the circuit of Fig. 7.43 has 
Ings = 4 mA and Vp= —4'V. Find 
(a) V, for V; = 0 
(b) V, for V; = 15 V 
(Ana. 1.85 V, 15.95 V) 


(Ans. 1» 10°? A/V*) 


1a¥ 
3 kip 
Vp 
2 Ma 
ale 
Fig. 7.41 Circuit for P7.8. 
yp2—44V 
V,=1.7¥ 


Fig. 7.42 Circuit for P7.9. 


-12V 


+ 
LA 


Fig. 7.48 Circuit for P7.10. 
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P7.11 For the given readings in each configuration shown in Fig. 7.44, discuss the opera- 
tion of the network. 


12V 12V 12V 

2 ka oka 2ka 

V,=4V 

4v av 
se 
1MQ 1Mo ' 12 V=1MO 
1kQ = 
_—s => = = = = 
(a) (b) (c} 


Fig. 7.44 Circuits for P7.11 


P7.13 Design a self-bias configuration for a n-channel JFET having Ipgg = 8 mA and 
V,=— 6 V. The @-point is at Ing = 4 mA with a supply voltage of 14 V. Assume 


Rp =3 Reg. 
(Anes. Rg = 0.43 kQ, Rp = 1.3 kQ) 
p20 '¥ 
sis a = 2.20 
P7.13 The n-channel JFET in Fig. 7.45 has Ipge = 10 mA 910k 
and V, = -3.5 V. Determine: Ing, Vesg and Vaso 
(Ans. Ing = 5.8 mA, Vasg = 0.85 V, Vingg = 4.29 V) 
110 ki 0.51 ko 


Fig. 7.45 Cireuit for P7.13. 


14¥ 

P7.14 Determine the operating point (Ing, Vesg) for a 

self-biased depletion-type n-channel MOSFET P 

shown in Fig. 7.46. Given: Ings = 6 mA, V, = 00 | L2 ka 

—4 V. 

(Ans. 2.9 mA, -1.2 V) 
+ 
Vag re 
— 0.43 ko 


Fig. 7.46 Cirewt for P7.14. 
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P7.15 An a-channel enhancement-type MOSFET uses 
the biasing arrangement as shown in Fig. 7.47. 
The device parameters are given as Vy; = 4 V, 
Ip = 5 mA at Ves = 7 V. Determine Ing Vesg 


(Ans. Ing = 8.25 mA, Vosg = Vosg= 7-9 V) 


Fig. 7.47 Circuit for P7.15. 


CHAPTER 


FET Amplifiers 


8.1 INTRODUCTION 


It was shown in Chapter 7 that FET behaves as a voltage controlled current source as the 
output (drain) current ia controlled by means of a amall (gate voltage) input voltage. In 
comparison, BJT is a current controlled current source as the output (collector) current is 
controlled by input (base) current, Further, FET has much higher input impedance compared 
to BJT. Because of these characteristics of an FET, this device ia more suitable as a voltage 
amplifier compared to BJT. 

In this chapter, we discuss the small signal model of JFET-for (i) low frequencies 
(b) high frequencies. These models are valid for MOSFET as well. The analysis of JFET as 
an amplifier in different configurations, that is, C5, CD and CG are discussed. 

An FET whether a JFET or MOSFET can be used both as an amplifier or a switch. 
However, MOSFETs are more popular as these can be made quite small and their 
fabrication process is relatively simple. Various digital logic circuits and memory circuits 
can be implemented using MOSFETs only (no resistors or diodes are needed). The basic 
circuit application of the MOSFET as a resistance and a digital logic inverter is discussed. 


82 FET SMALL SIGNAL MODEL AT LOW FREQUENCIES 


A linear small signal model for an FET can be developed by expressing the drain current 
ip af a function of gate-source voltage vse and drain source voltage Ups as: 
in = f(ves. Ung) (8.1) 


The change in the drain current when both vge and vpg are varied about the @-point 
is expressed approximately by the first two terms of Taylor's series as: 


a74 
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Aip - | * AUigs +o! x AUpg ++ neglecting the higher order terms (8.2) 
pe Ls 


Using the small signal notation as in the case of BJTs, Eq. (8.2) can be written as 


: 1 
ty = BU gy + — Udy (8.3) 
Fr 
a 
— 5m ” Oe | 
Gs Fils] 
= “p_ | zal (8.4) 
Abies 7 Uys - 


and is called transconductance or mutual conductance. The value of g,, is found at the 
operating point Vpg = Vnsg, Which is found by de analysis as discussed in Chapter 7. The 
second parameter in Eq. (8.3) ry is called the drain resistance which is defined as: 


(8.5) 


Vou 


=~ Hae (8.6) 
Ip Ug i, =O 


In this definition of », a negative sign has been intentionally taken to obtain a positive 
value of as Vpg and Ves are of opposite sign. It can be easily shown that p is related to 
Bm and ry by the relation: 


H = 48m (8.7) 


Based on Eq. (8.3), we can draw a circuit as shown in Fig. 8.1(a), and it gives the low 
frequency small signal model of an FET. 


! 


Fig. 8.1(a) Low frequency small signal FET model. 
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The small signal model shown in Fig. 8.1(a) 
characterizes the device as a voltage controlled 
current source. The device can also be modelled 
as a voltage controlled voltage source by 
replacing it by Thevenin’s equivalent circuit as 
shown in Fig. 8.1(b). The voltage controlled 
voltage model is found to be very convenient in 
amplifier analysis as shall be seen later. It may 
be noted from both the models shown in Figs. 
8.1(a) and §.1(b) that the input impedance 
between gate and source is infinite, since gate 
is reverse biased and J, = 0. 


Fig. 8.1(b) ‘Voltage controlled voltage 
source model of FET. 


High frequency model of JFET. The small signal models developed in Figs. 8.1(a) and 
(b) are valid only at low frequencies where internal junction capacitances have not been 
taken into account. The use of these models would predict constant amplifier gain which 
does not change with frequency. However, in practice, the gain of an amplifier falls off at 
some high frequency. This fall of gain at high frequencies is due to the presence of internal 
junction capacitances. Thus, the model of JFET at high frequencies is modified to the one 
shown in Fig. 8.2. This model will be used when we discuss the frequency response of JFET 


amplifiers in Chapter 10. 


Fig. 6&2 High frequency model of FET with internal capacitances. 


Determination of g,,and rg The value of g,, of a JFET can be found graphically from the 
transfer characteristics. Figure 8.3 shows the transfer characteristics for an n-channel JFET. 


¥, 


Ves A 


Fig. 6.3 Defining g,, on the transfer characteristics. 
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In Fig. 8.3 it can be seen that g,, is the slope of the transfer characteristics at the 
quiescent point. Thus, for the Q-point in Fig. 8.3, 


Em= ae (=slope at Q-point) (8.8) 
AVes 
The value of g,, increases as we move from V, to Jpsg on the transfer characteristics. 


EXAMPLE 8.1 


A JFET has Ings = 12 mA and V, =—-5 V. Find the magnitude of g,, at Veg = -1.5 V. 


Solution: First plot the transfer characteristics using the 4-point method described in 
Chapter 7, Section 7.3.2. The transfer characteristics so obtained are shown in Fig, 8.4. The 
Q-point has also been indicated at Vag = —1.5 V. 


The value of g,, ig obtained az: 


Alp 
Bin 
AVosh. a -asy 
_ 24m ig 4maAV 
lV 


Veg -BV AV -3V -2V-1V 0 
Fig. &4 Calculating g,, from the transfer characteristics in Example 7.1. 
The graphical approach for finding the value of g,, is quite cumbersome, therefore, we 
now discuss an alternate method of computing zg,, analytically. 
Using Shockley's equation, 


i 
In =I pes hi - e (8.9) 
p 
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and differentiating w.r.t. Vgs, we can write 


2! nes 
where Emo = Bm Won =0 = lV | 
p 


Now, solving Example 7.1 by using Eqs. (8.12) and (8.13), we get 


fae =o = 4.88 
5 
So Sin * 4.9(1 Z *) = 3.36 mS 


Thus, we can see that analytical approach is much simpler. 


(8.10) 


(8.11) 


(8.12) 


(8.13) 


The parameter rz in the smal! signal model of JFET represents its output impedance 
and therefore is computed from the drain or output characteristics as shown in Fig. 8.5. 


Fp (mA) 
a G-point Vig =-0V 
7 i Al, = 0.2 mA 

— AVpgt= 5 V—> 7 
6 i 
H Veg =-1¥ 

5 _ 
4 
3 Veg =-2V 
al i 

F | 
s| Vg 2-8 

Z ! Vog=—-4¥ 


12 384 6 6 7 8 9 1 118 ld Vow (VD 


Fig. 8.5 Calculating r; from the drain characteristics of a JFET. 
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gs 
a iG * 
) aa ; 


Fig. 8.6(b) ac equivalent circuit of CS amplifier shown in Fig. §.6/a). 


Input impedance R, 
The input impedance of JFET as seen at the gate terminal is infinity, thus it is clearly seen 
that the overall input impedance RF, in Fig. 8.6(b) is: 


R; = Re (8.15) 
Output impedance Ry 
In Fig. 8.6(b), setting v; = 0 will make the current source g,,v,, equal to zero. Thus, 
Ro =ra || Rp (8.16) 
Voltage gain Ay 
In Fig. 8.6(b), 
and Vo = BmUgs (a || Ap) (8.18) 
Therefore, Ay = 0 
yj 
=~ Bm (My || Rp) (8.19) 
avg EO. 
Fy + Rp 
___HRp 
ry + Rp (8.20) 
For rg2 10 Rp 
Ay *-8mFtp (8.21) 


The negative sign in Eq. (7.21) clearly indicates that FET also provides a 180° phase 
shift between input and output voltages as in the case of BJT. 


EXAMPLE 8.2 


Calculate the voltage gain of a fixed-bias CS amplifier shown in Fig. 8.7. The FET parameters 
are: g,, = 2 mA/V, rz = 10 kil. 
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Fig. 6.8(b) ac equivalent circuit of circewit shown in Fig. 8.5(a). 
It can be easily seen that the ac equivalent circuit shown in Fig. 8.8(b) is same as that 
for a fixed-bias configuration. Thus, the expressions for R;, Ry and Ay remains to be same. 


Unbypassed R; A self-biased JFET amplifier where resistance Rg has not been bypassed 
is shown in Fig. 8.9(a). 


Fig. &9(a) <A gelf-biased JFET amplifier with unbypassed Az. 


The ac equivalent circuit using the voltage controlled voltage source model of JFET is 
shown in Fig. 8.9(b). 


Fig. 8.9(b) ac equivalent circuit. 


Hidden page 


Hidden page 


Chapter 8 FET Amplifiers 385 


Voltage gain Ay 
Using Eq. (8.27), 
- HR 
Rp +r +(1+ wR, 

at (75.5) 

3.3 +50 + (1+ 75.5) 1 

= =1.91 

It may be noted that the voltage gain of a JFET amplifier is usually much smaller than 

that can be obtained from a BJT amplifier of the same configuration. However, as input 


resistance A; is much greater compared to that of a BJT amplifier, the overall gain of the 
FET system is quite reasonable. 


Ay = 


8.3.2 JFET Common Drain (CD) Amplifier (Source Follower) 


A JFET source follower has the same features as that of an emitter follower in BJT circuits. 
The circuit of a JFET source follower is shown in Fig. 8.12(a). The output is taken from the 
source terminal and drain is directly connected to the de supply. Thus, the drain terminal 
is at ground potential under ac conditions and hence the name common drain amplifier. As 
expected, voltage gain of a source follower is less than unity, has a high input impedance 
and low output impedance. The ac equivalent circuit is shown in Fig. 8.12(b) where the 
JFET has been replaced by its voltage source equivalent model, capacitors C,, C. and supply 
voltage Vpp are short circuited. 


Fig. 8.12 (a) A JFET source follower, (b) ac equivalent circuit. 


Voltage gain Ay 
From the ac equivalent circuit, we may write, 


Uj = Uy, + tylts (8.35) 
and igtg + Rg) — pv,, = 0 (8.36) 
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Ing = 4.56 mA 
Vaesg 7 —2.5 V 
The value of g,, is found from Eq. (8.12) 


V, 
= _- ae 


P 


ai 
where Bma=— ~=—-« (Eq. (8.18)] 
lvl 
=~ =8mAV Ik, 
Fig. 6.14 Circuit for Example 6.4. 
Therefore, g.. =a(1 - ward 
{(—4) 
= 2.28 mA/V 
Given rg = 40 kD 
So H= Fadm 


= (40) (3.28) = 97.9 
From Eq. (8.39), 
-__#Rs 
ry +(1+ wR 
_ (91.22.29) 
“9+0+912)29 "9"? 


From Eq. (8.40) 
AR; = 10 MQ 


From Eq. (8.44) 
Ry = _ fats 
rg +(1+ pu, 


___ 40x22 
40 + (1+ 91.2)2.2 


= 0362 kf) 


8.3.6 JFET Common Gate Amplifier 


The circuit of a JFET common gate amplifier is shown in Fig. §.15(a). The circuit provides 
low input impedance, high output impedance and moderate voltage gains. Note that the 
resistance connected at the input terminals is Rg and not Rg. The value of Rg is usually a 
few kiloohms and not as large as Rp. 
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Using Eqs. (8.45), (8.46), (8.47) and solving for A, gives 


(Rp +1 )R. 
___ (Rp +m iRs 
Rp +r (1+ wR, se 


which can also be written as: 


(Re +F. 
(Rg +7) 
Fi, = Rs || +n) (8.52) 
Thus, #;’ in Fig. §.16(b) is: 
(Re +F,) 
R r_ 7 ad 59) 
(1+ yi) ” 


Output impedance FR, 


tv = Oin Fig, 8.15(b) makes v,, = 0. ws. voltage source =O ry comeg 
i i in Fi Ab ke es Th the voltage HD gs and ry 
in parallel with Rp. 


Therefore, = Fry || Rp (8.54) 
If Fg 2 10 Rp, 
Then 

Rp x Rp (8.54b) 
a EXAMPLE 8.5 


A common gate JFET amplifier is shown in Fig. 8.16. Determine Ay, A, Ro if the operating 
point is given as [pg = 1.2 mA, Vasg = -1.8 V and ry = 40 kf. 


9 Vip (+16 V) 


Fig. 8.16 Circuit for Example 8.5. 
Solution: Given, 
Vase =-1L8V 
Ing = 12 mA 
_ af 
Emo =—-8= [From Ea. (8.13)] 


IV, | 
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A very popular biasing arrangement used with enhancement MOSFET is the drain 
feedback configuration shown in Fig. 8.17(a). 


Von 
Rp 
Ry 
. Uy 
1 
(a) (b) 


Fig. 8.17 (a) An enhancement MOSFET amplifier, (b) ac equivalent circuit. 


The ac equivalent circuit is shown in Fig. 8.17(b) where the E-MOSFET has been 
replaced by its current source equivalent model. 
Applying KCL at node D gives 


i. = — (8.56) 
= " + uy 
Te Snes WRp 
Also Uge = Yj (8.57) 
ond , = (8.58) 
Rye 
Solving for Ay = ug'v;, we get 
1 i 
= km ——g. 
Ay = 22 = = + = Ar (8.59) 


rally Rp Br lIra lp 
Since Ary is usually large (~ 10 m), therefore, 
1 
Ba = & 

Thus, the voltage gain from Eq. (8.59) may be written as: 

Ay = -ga(Rp | ra Il Ro) (8.60) 
Solving Eqs. (8.56), (8.57), (8.58) and simplifying, we get an expression for the input impedance 
as 


; R 


i, 14+¥—q(r%y Rp) 
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8.5 THE MOSFET AS A RESISTANCE 


A very important advantages of the MOSFET is that it can be used as a capacitor or a 
resistor and as well as an active element. The use of an enhancement NMOS transistor 
connected as a resistance is shown in Fig. §.19%a). 


I, (mA) 


Fig. 8.19 (a) An enhancement NMOS connected as a resistor, (b) The nonlinear 
resistance characteristics shown on the output characteristics. 


As gate is connected to drain terminal, Veg = Vg. The locus of points for which Vgs = Ving 
is plotted on the output characteristics of the enhancement type NMOS in Fig. 8.19%b). It 
is clear that the MOSFET is operating as a nonlinear resistance. An important application 
where MOSFET is used as a resistor and switch is a MOSFET inverter circuit. A MOSFET 
inverter is a basic building block used to realize digital circuits. A complete VLSI system 
can be fabricated by using MOSFET transistors only. 


8.6 THE MOSFET INVERTER 


Figure 8.20 shows an NMOS inverter which has two enhancement NMOS transistors where 
Q, 1s the driver (or switch) and Q, acts as the load resistor. 


In order to show that the circuit of Fig. 8.20 works as an inverter, we first plot the 
transfer characteristics between out voltage, v, and input voltage v,. This is obtained by first 
plotting the load line using the nonlinear resistance characteristica of transistor Qo. 

Writing KVL for the drain loop in Fig. 8.20, 

Vpsi + Vosa = Vop (8.65) 
or Vos = Vop - Vig (8.66) 


Fig. 8.20 (a) NMOS inverter circuit, (b) NMOS output characteristics showing load line. 


Also, since Ig = 0 for both Q, and Qs, 


Im = Ina (8.67) 


The load line is a plot of Jp. versus Vpg a8 transistor Qs is acting as a load in the 
inverter circuit. The various points for plotting the load line are obtained from Fig. 8.19(b), 
where the nonlinear resistance characteristics for the transistor Qo acting as a load are 
shown. 

For example, in Fig. 8.19(b), 


Ing = 6.5 mA; Voss = Voge = 6 V [since gate is tied to drain] 
Now, using Eq. (8.66), 
Vos = Von — Vosa 
= § = 6 
=0V 
and Ip, = [pg = 6.5 mA 


Thus, we obtain one point: Ipc; = 6.5 mA, Vpg, = 0 V of the load line and is shown as 
Point A on the output characteristics of transistor Q; (drawn between Vps) and Ing) shown 
in Fig. §.20(b). 


Similarly for Ip. = 1.5 mA, Yon « Voy = 4¥ 
Thus, Von = 6-4 
=2V 


and Ip, = [pg = 1.5 mA 
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This point (2 V, 1.5 mA) of the load line is 
shown as Point 3 in Fig. 8.20(b). Thus, for various 
values of Ins, Ves, one can obtain the 
corresponding values of Vpg, and Ips, and the 
load line is obtained as shown in Fig. 8.20(b). 

The transfer characteristics is now obtained 
from the various points of intersection of the load 
line with the output characteristics, Le., values 
of Ving, (output v,) as a function of Vee, (input v,) 
and is shown in Fig. 8.21. It is seen that oo 1 @ 3 4 


For uv, = Veo, Ss Vr (2 VW) 
: asda e Fig. 621 Voltage transistor characteris- 
Im = 0 and Vpsi = 4 V tics (v, vs. v,) for the inverter 
For vo = 6 V, Vpn = 15 V circuit shown in Fig. 8.2(Ma). 


Thus, the circuit is indeed working as an inverter. 


5 6 £W 


8.7 MOSFET AS A SWITCH 


The MOSFET inverter circuit shown in Fig. §.20(a) behaves as a switch. Consider a step 
voltage shown in Fig. 8.22(a) applied as input to the inverter circuit. 

For ¢ < T, the input voltage is 1.5 V. From the transfer characteristics shown in Fig. §.21, 
we find that vp = 4 V. The current Jp; in the circuit is zero as can be seen from the load 
line. The circuit, therefore, is working as an “open switch” as output voltage is high and 
current is zero. 

For ¢ > T, the input voltage is 5 V. The output voltage vg now is 1.5 V and Ip; = 2.4 mA 
[Fig. §.20(b)]. Thus, the circuit is behaving as a “closed switch" as the appreciable current 
exists with low output voltage (between D and 5). 


i; (Vv) uv, (¥) 


4.0 


0 T f, & 
(b) 
Fig. 8.22 (a) Input step voltage applied to inverter circuit of Fig. §.20(a), (b) Output waveform. 


SUMMAR’ 


# An FET is a voltage controlled current source device compared to BJT which is a 
current controlled current source device. 


® The three important parameters of an FET are: g,, (transconductance) r, (drain resis- 
tance) and yp (amplification factor). 


= 


Electronic Devices and Circuits 
The low frequency small signal model of an FET/MOSFET contains a current source 


Sele: and drain resistance ry connected between drain and source. 
The value of transconductance g,, is computed graphically from the transfer character- 


istics of FET using the definition: 
Ain 
fF, =~" 
Aves 


Vina 
The transconductance g,, can be computed analytically from the relation: 
Em = Bima h = “es | 


Vp 


21 pss. 

lV, 1 

The transconductance g,, for an enhancement MOSFET is given by the equation: 
Bim = 2h(Vasqg - Vr) 

where & is determined from a typical operating point. 


The parameter ry (drain/output resistance) can be computed from the drain character- 
istics using the definition: 


where Bima = 8m le a” 
oa 


e The product of g,, and ry is equal to the amplification factor u of FET (u = gra). 
e The important quantities of interest in an FET amplifier are: input impedance F,, 


8.1 
8.2 


output impedance A, and voltage gain Ay. The current gain in FET is of no significance 
as the input gate current is always zero due to the high input impedance of FET. 
An FET amplifier may be used in three configurations: common source (CS), common 
drain (CD) and common gate (CG). 

A CS FET amplifier provides high voltage gain and high input impedance. 

A CD FET amplifier (or source follower) has voltage gain less than unity, a high input 
impedance and low output impedance. 

A common gate (CG) FET amplifier has low input impedance, high output impedance 
and moderate voltage gain. 

A MOSFET can be used as a nonlinear resistance by connecting gate to drain terminal. 
A MOSFET inverter forms the basic building block to realize various digital circuits. 
A MOSFET inverter also works as a switch. 


Draw the small signal model of an FET and explain the significance of each element. 
Define r,, 2. and wu. Derive a relationship between them. 
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P8.12 The circuit shown in Fig. 8.26 uses a depletion MOSFET. Given: Ipgg = 12 mA, 
V, = -3.5 V and ry = 25 kf. Determine R,, Ry, A,. 


(Ams. 10 MQ, 1.68 kf, -9.07) 


kik 
[—o 


; Ll t |, 


Fig. 6.26 Circuit for PS.12. 


P8.13 Determine V, if V; = 4 mV in the circuit shown in Fig. 8.27. Given: rz = 30 EQ, 
Be = 6 m8. 
(Ans, —132.96 mV) 


¥; 
fd m¥) 


Fig. 8.27 Circuit for P8.13. 


P8.14 An n-channel E-MOSFET is used in a CS amplifier with voltage divider biasing as 
shown in Fig. 8.28. The following data is given: ry = 40 kQ; k = 0.4 x 1074, Vegg = 

QV, Vr = 3 V. Find », if v, = 0.8 mV. 
(Ans, -9.7 mV) 


Fig. 8.28 Circuit for P8.14. 


CHAPTER 


Multistage Amplifiers 


9.1 INTRODUCTION 


In most practical electronic circuite/aystems, the amplification provided by a single stage of 
amplifier is not sufficient. As was seen, the voltage gain of a single stage amplifier depends 
upon its load resistance Ae which can not be increased beyond a limit due to constraints 
imposed by de biasing. Thus, there is a limit to the voltage gain that can be obtained from 
a single stage amplifier. Besides this, the input and output impedances of a single stage 
amplifier may not be suitable for the electronic circuit where it is being used. These prob- 
lems are taken care of by connecting two or more amplifier stages in cascade to achieve 
larger voltage or current gain or suitable input and output impedances. Thus, if it is desired 
to have a high voltage gain, then CE stages are cascaded. If high input impedance is 
required along with voltage gain, then first stage can be CC followed by CE stages. Such 
circuits are called cascaded or multistage amplifiers. Special cascaded circuits namely a 
darlington pair and cascode amplifier are also discussed. The device used can be BJT or 
FET. Here, more emphasis is on BJT circuits. 

The output of the first stage is applied as input to the next stage usually through a 
coupling device. Various types of coupling methods are available, however, RC coupling is 
the most commonly used coupling method at audio range of fréquencies and is discussed in 
detail. A differential amplifier, the basic building block of analog ICs (741 Op-amp) is a two- 
stage amplifier and has been discussed. The analysis can be done by using any of the three small 
signal transistor models. We have chosen hybrid- model here as it is simple and more practical. 


9.2 CASCADED BJT AMPLIFIERS AT LOW FREQUENCIES 


Figure 9.1 shows a two-stage cascaded amplifier in which the output of the first stage is 
connected as input to the next stage. The output of the second (or last) stage is connected 
to the load resistance A,. The analysis of cascaded amplifiers for finding the overall voltage 
gain, current gain and input and output impedances can be done in various ways. A very 
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simple way of analysis is by taking the Thevenin’s equivalent of the first stage at terminals 
1-1’ as shown in Fig. 9.2. 


Roy 
Fig. 9.2 Thevenin's equivalent of the lst stage at 1-1". 


Thus, the first stage is represented by Thevenin’s voltage source Ay,V, and output 
resistance Ro; at terminals 1 and 1’. The second stage is driven by the Thevenin’'s equivalent 
of the first stage as shown in Fig. 9.3. It can be seen that the source resistance of stage 2 
is Rou. 


Fig. 9.3 Equivalent circuit representation of second stage. 
The output voltage Vp of the second stage from Fig. 9.3 is 
Vo = Ay = AwV, (9.1) 
The overall voltage gain of the two-stage amplifier; therefore is 
Y. 
Ay = v = Ay; * Ays 


a 
The analysis is performed at the range of frequencies at which the various capacitors, that 
is coupling, by-pass and internal junction capacitances can be neglected. 
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ze EXAMPLE 9.1 


A two-stage amplifier shown in Fig. 9.4 is in CE-CC configuration. The transistor 
parameters are given as B, = 100 and r.= 0.5 kf). Determine the overall voltage gain and 
current gain. Assume rp = —. 


Vor 


Fig. 9.4 Circuit for Example 9.1. 


Solution; The Thevenin’s equivalent of the unloaded Ran 
first stage at terminals 1-1" is shown in Fig. 9.5. As 1 
the first stage is a CE amplifier stage, its voltage gain * 
Ay, 18 given as: Vex 
— nv) 
V, R, +1, 1 
-100 x2 Fig. 9.5 Thevenin’s equivalent of 
~ 9405 first stage at 1-1", 
= =80) : - Vor 


The value of Rj, = Re = 2 kf. Thus, the 
second stage can be shown as in Fig. 9.6. Note 
that R, for the second stage is Rp, only. The 
second stage is a CC amplifier and its voltage 
gain is given as: 

doe = (1+ A Re 
7 R, +r, +(1+ A Re 
= (1+100)5 
2+0.6+(1+100)5 
= 0,095 


Fig. 9.6 Equivalent circuit representation 
of second stage. 
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The overall voltage gain is: 


Ay = AwAy 
= (=80)(0.995) = —73.6 
V, 
7 I = —o 
As 0 Re 
V. 
and I=— 
R, 
Therefore, the overall current gain is 
I, 
A, =—=— A 
r I, Rk, v 


= =(-79.6) = 31.84 


a EXAMPLE 9.2 
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Calculate the overall voltage gain, current gain, input impedance and output impedance for 


the two-stage amplifier shown in Fig. 9.7. Assume #, = 100. All capacitors are high. 


Fig. 9.7 Circuit diagram for Example 9.2. 


Solution: It can be seen that the circuit is a two-stage CE-CE amplifier with self-bias 
arrangement. In the given data, the value of r, for the transistors is not provided. So, as a 
first step, we perform the dc analysis to evaluate the quiescent currents J-, and pp so as 
to find r,, and r. respectively. It can be seen that the biasing for both the stages are 


different, therefore, r,, and r,. will also be different. 
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DC analysis 
Under de conditions, all the capacitors are open 
circuited as their reactance given by X- = 1/aa will 
be infinite. 
The simplified de equivalent circuit for stage 1 is 
shown in Fig. 9.8(a), where 
Rp, = FR, || Re 
= 22 kf || 3.3 kf 
= 2.86 kQ 


a 3.3 «15 
ae) 2248.3 
= 195 V Fig. 9.8(a) Simplified de equivalent 


Van, —V, circuit for stage 1. 
Im z 


and 


_ 195-07 

2.86 +101 0.5 

= 0.073 mA 
Therefore, fe, = Alm, 

= 100 = 0.023 


and Bui 2 fea 


- 5e =0.092t3 (assuming Vp = 25 mV) 


The value of r= for stage 2 is obtained from the 
simplified de equivalent circuit shown in Fig. 9.8(b). 
Here, Rao = Rall Ry 

= 16 kf)||6.2 kn 
4.46 kf 
6.2 «15 
Vee. = 16462: 
= 4.18 V 


and 


Tove Vana — Vag Fig. 9.8(b) Simplified de equivalent 
#2 Rag + (1+ BRes cireuit for 9,8(b). 
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4.18 -0.7 
4.46+1011 
Ico = Blza 
= 100 x 0.032 = 3.2 mA 


= 0.032 mA 


pg 32 
Bm2 = = pe = 0.1280 


Vy 

Boi 
ra = a —— = TEL 
a ne 


AC analysis 
Under ac conditions, all the capacitors are short circuit. The ac equivalent circuit is shown 
in Fig. 9.9. 


Fig. 9.9 ac equivalent circuit for the circuit shown in Fig. 9.7. 


First obtain the Thevenin's equivalent of stage 1 at 1-1’, as shown in Fig. 9.10(a). 


Effective load A, for first stage = Re, || Ry || Ry i 
So Ry = 6 kQ || 16 kQ || 6.2 kn : 
= 2.55 kk + 
Vo, _ _ BR, Awl 
fe Ay == [As Rg, = 0) 7 
ry Fel 1 
100% 265 asad Fig. 9.10(a) Thevenin's equivalent 
1.08 of stage-1 at 1-1’. 
and Fa = Rey || Hs || Be 


= 2.55 kf 


Using the Thevenin’s equivalent of first stage, the equivalent circuit of second stage is 
shown in Fig. 9.10(b). 
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Fig. §9.10(b) Thevenin'’s equivalent of stage 2. 


Now, the effective load for the second stage is: 
Riz = Rez||F1 
= 2 kQ]/10 ko 
= 1.67 kO 
Now Ays - —ARia 
Ry + ea 
—100 x 1.67 kf 


-355kQ+78125m 


Thus, the overall voltage gain is 
i ol i 
= AyAys 
= (~236.14-50) = 11805 
Note that the overall voltage gain is positive due to 180° phase shift provided by each of CE 
stages. 


The overall current gain is: 


I 
A, = 20 


Lt 


—/o fee , fon y Fa, Fo 
Ten Tyg Ta In Uh 
Here Jp/I-2 is obtained by the current divider rule and is given by 


a a ST 


To Roath,  2+10 


fea == Bo =-100 
Tyg 
and J,./f., is computed from the simplified diagram shown in Fig. 9.11. 


typ 
I Rip, + hya 
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Solution: Since Jog, =/og, = 100 HA, therefore, 
oes 

25 


and enter widen 


The circuit is a CC-CE cascade. The ac equivalent circuit of the firet CC stage using 
hybrid-x model is shown in Fig. 9.13(a) for calculating its voltage gain. Note that the load 
for the CC amplifier stage is r,, = 1.8 MQ Thus, Rg = ro, = 1.8 MQ. The various formulae 
in the analysis have been taken from Table 6.6, Chapter 6. 


R, r, 
(50 kay) B, (37.5kQ) Bg, 


Ry 
Fig. 8.13(a) ac equivalent circuit for CC stage using hybrid-« model. 


The voltage gain of CC stage is: 


Ay, = Yoh = — A Beg __ = 


V, &R,+r,+1+ARe 
___ (1 +150)1300 
50 + 37.5 +(+150) 1300 
= 0.999 
+ F 
and Ry aor 
_ 50+ 375 
1+150 
= 0.579 ki 
50 F'n = 1300 kQ || 0.579 kQ 
= 0.579 kQ 


Thus, the second stage can be Fig. 9.13(b) Equivalent representation 
represented as shown in Fig. 9.13(b) of stage 2 (CE amplifier). 
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Fig. 9.14(b) Circuit diagram for Example 9.4. 


Solution: The circuit is a three-stage amplifier where first stage is common source (CS) 
with As, second stage is CS and third stage is CD amplifier. Using the results derived in 


Chapter 8. 
(id -UR py 


Ay) = ———___ (C5 amplifier with Rg) 
m= My +Rm +{] +p Re, P ; * 


—40 x 40 
~ 40 +40 (1+ 40)2 
= =9.85 


Ays = ~HRpg 
ry + Roz 


(CS amplifier stage) 


_ i x10 
~ 40 +10 
HRs 


Ays = (CD amplifier stage) 
va + (1+ mRgy pu Be 


40% 5 


——_-"__ = 0.81 
404(1440)5 | : 


Therefore, Ayiovaralli = 2 


= Ay x Aye x Avs 
= (~9.884-8)(0.816) 
= 64.5 


(ii) The last stage is a CD amplifier and its output impedance Ry without taking load 
resistance Rg, into account is given by 
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Current gain 


Since Tp = Ib + Bol 
= (1+ BoM, 
Therefore, a =(1+ 8p) 
b 


and overall current gain is: 


A, =2-40 bb 


i oi 
where I, ee 
fF Ry +R; Ry + FF +(1+ Bp Re 
So pe epeeestba rls ME 
Rp +n +(1+ Bp iRg 
«foe 
Ry +7 + ApRe 
Voltage gain 
Vo = loRe 
=(1 + Spl. Re 


Vi = [yr + (1 + Bpl,Rtg 
= Ilr; + (1 + Solel 


So fone oe eee pe IR 
=] 


Output resistance 
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(9.9) 


(9.10) 


(9.11) 


(9.12) 


(9.13) 


(9.14) 


(9.15) 


(9.16) 
(9.17) 
(9.18) 


(9.19) 


The output resistance, Hy is determined by applying a test voltage Vy at the output and 
determining the current Jg (with input V; set to zero) drawn by the circuit. Solving for J, 


gives 


Vv, YV, 
T, wo 4 22 
0 Ree + fpl, 


Solving for Ay gives 


(9.20) 
(9.21) 


(9.22) 


(9.23) 
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= Re |; {| (9.24) 
Bp 
a © 9.25 
os (9.25) 


EXAMPLE 9.5 


A Darlington emitter follower with Ag = 500 © is driven by a 50 k& source. The transistor 
Q) is biased at 15 pA and Qs is biased at 1.0 mA. Find Ay, A; and Ro. Assume: V4 = 100 V, 
fy) = 150 for both the transistors. 


Solution: The transistor parameters are computed as: 


_Iy 15 
For Q;: Bmi = = pg = 0.6 mv 
- fo. 159 _ oso ko 
a 08 
V, _ 100 
fy = + = — = 6.67 
om i. IS = 
For Qa: g aft 4 gay 
i mi Vr «(26 
fh _150_ 
Freq = =——= 37.5 kp 
- Em? 4 
2 =A = = Mo 


ez 


The ac equivalent circuit can be shown as in Fig. 9.17 where transistors have been 
replaced by their hybrid-x model. Note that the load for the first stage is the output resistance 


Fa 


Fig. 9.17 ac equivalent circuit for Example 9.4. 
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Effective load for stage @, is: 
Rez = Too || Re 
= 1M || 0.5 ka 
=0.5k0 
The input resistance for second stage is: 
Re = fq + (1+ AR: 
= 37.5 + (1 + 150) 0.5 = 113 
The voltage gain of the second stage is: 


(1+15000.5 
~~ T3 
Now, the effective load for the first stage is: 
, Rr =r || Ria 
= 6.67 MQ || 113 ki 
= 113 kQ 
and Ra =r + (1+ GilRe, 
= 250 + (1 + 150) 113 
= 17.5 MQ 
The voltage gain of the first stage is: 


= 0.668 


V, (1+ AR 
Ay, = oh = 2+ foe 


Vi Ri, 
(1+150)113 
= = 0.986 
17.3 
The overall voltage gain is: 
Vo . Vor .. Vj 
= — hy 2 » 21 
aie a a A 
= A "a A ‘at _ Fa 
V2 V1 R,+R, 
17.3 
wi. 0. Se ees 
(0.668) x (0.986) x 04113 
= 0.658 
The output resistance of the first stage is: 
50 + 250 
=6.7 MQ 
Ror T7150 


= 1.99 kQ 
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=r, (et 
Roa =a ll 1+ f 
37.5+1.99 


=1 MQ || ————— = 0.261 kf 
Hl 1-150 


9.2.3 Cascode Amplifier 


A cascode configuration consists of a CE stage feeding a CB stage as shown in Fig. 9.18/(a) 
where transistor @, is npn and @, is a pnp transistor. The circurt provides a high voltage 
gain over a wider range of frequencies and is, therefore, used in video amplifier circuits. 


E, —J 
Fig. 9.18(a) Cascode amplifier. 
For proper amplifier operation, it is desired that the two transistors be identical. The 


small signal hybrid-7 model is drawn in Fig. 9.18(b), ignoring rp, and rp:, and assuming 
Fe =Fa = r,lidentical transistors) 


B, Iya 


Current gain 
Ay — x (9.26) 


Since Ip = —flos 
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and Tq = — Lg =- (1+ Bye 
I, 
ae = 
Therefore, Ta "Tew 
Also Ty = Aols, 
Therefore, ‘te B 
Ty, 
I Ay 
| 
Now, Ay iL 1+% x By 
=~ fy 
Voltage gain 


Since 


tog, Ay 

Lyy 1+ A, 
So, the voltage gain of CE stage 

Von _ toa 1 

Vi Ty 
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(9.27) 


(9.28) 


(9.29) 


(9.30) 


(9.31) 


(9.32) 


(9.33) 
(9.34) 


(9.35) 


Note that the quantity Vo)/V; gives the voltage gain of the CE amplifier stage and is 
found to be close to unity. The reason for such a low voltage gain is that the load for the 
CE stage is the input resistance of the CB stage which is very small (a few tenths of ohms) 
whatever may be the value of load resistance A. This reduction of the effective load resistance 
of CE stage leads to improvement in the high frequency response of the cascode amplifier. 
It will be shown in the chapter on “frequency response” that the product (gain x bandwidth) 
fol#an amplifier is almost constant. Therefore, the reduction in the voltage gain of the CE 


stage results in increase of its bandwidth. Further, it may be seen, 


V, = IypRe 
= -Boliale 


= — ApRe {=a te Vo =~ Feleel 


Fr 


So ve See 


Vor ry 


(9.36) 


(9.37) 


(9.38) 
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Now, the overall voltage gain is: 


(9.39) 


(9.40) 


Cy (10 pF) 


Fig. 9.19 A practical cascode amplifier. Capacitor Cy, is large and establishes 
base of Q, at ground for ac signals. 


of EXAMPLE 9.6 


For the component values given in Fig. 9.20, calculate the gain of the cascode circltit, de 
analysis performed on the circuit gives Ip, = Ica = 1 mA and & = 120. 


Solution: The ac equivalent circuit is shown in Fig. 9.20. 
Qs 


Fig. 9.20 ac equivalent circuit for Example 9.5. 
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de signal available across A; is blocked and is not permitted to go to the next stage. This 
ensures that the de biasing of the next stage is not disturbed by this type of coupling. 
Further, the value of Cp is usually chosen to be high so that it provides low reactance at 
the frequencies of interest. Thus, the coupling capacitor Ce blocks de signals and allows ac 
signals only to be passed to the next stage. The capacitor Cp is also called a blocking 
capacitor as it blocks de signals. 


Fig. 9.21 A two-stage RC coupled amplifier. 


The resistors A,, Rs and Rg provide the necessary biasing and stabilization of the 
Q-point. The capacitor Cp connected in parallel to Ag short circuits the resistance A, for ac 
signals and thereby prevents any loss of ac signal. If Cy is not connected across Rg both, the 
de and ac components of the current will flow through Rg. The @-point will be stabilized, but 
at the same time the ac voltage gain will get reduced due to negative feedback. The capacitor 
Cg provides an alternate path for the ac current to flow and is called bypass capacitor. 
The signal source V, is also connected through a coupling capacitor C- te the base terminal 
of the first stage. This blocks any de signal coming from the signal source and also prevents 
any de current flowing through R, and KR, towards the signal source. 


Frequency response of the RC coupled amplifier: A very important criterion for com- 
paring the performance of various amplifiers is to study their frequency response character- 
istics. That is, how the amplifier responds to signals of varying frequencies. For example, 
an amplifier may be used for amplifying speech signals such as in a public address system. 
A speech signal contains frequencies varying from 200 Hz to 3.2 kHz and ideally one desires 
that all the frequencies are equally amplified s0 that there is no distortion in speech after 
amplification. 


Consider an input signal v, applied to the input of the amplifier represented as: 
v, = Vm sin (at + ¢@) (9.41) 


Chapter 9 Muitistage Amplifiers 423 


If the voltage gain of the amplifier is of magnitude A and if the signal also goes through 
a phase shift (say lags by @ then the output of the amplifier is given as: 


Up = AV, sin (at + @-— & (9.42) 


ee re 
= AV, sin| “ 2) +9) (9.43) 

If, we assume that the amplifier gain A is independent of frequency then according to 
Eq. (9.43), the amplitude of the output signal has got multiplied by A, frequency has remained 
same, but the signal has got shifted in time (delayed im this case) by an amount @m 
However, in practical amplifiers, both the amplification A and phase shift @ produced by the 
amplifier are functions of frequency due to the presence of frequency sensitive components 
such as coupling and by pass capacitors C,, Cp and internal junction capacitances. Thus, 
different frequencies get multiplied by different values of gain and undergo varying phase 
shift. The amplitude response, therefore, is not uniform and time delay is also not constant 
introducing distortion in amplifiers. It is not usually necessary to specify both the amplitude 
and delay response as the two are related to each other. We shall emphasize more on the 
amplitude response characteristics. 

The frequency response of an amplifier can be divided into three regions: The mid- 
frequency range is the one over which the amplification is reasonably constant and the 
delay or phase shift is also constant. In the low-frequency range, below the mid-band, 
the gain reduces with decreasing frequency and output approaches zero at de (f = 0). 
In the high frequency range which is above the mid-frequency range, the amplifier 
gain decreases with increasing frequencies. The frequency response of amplifiers are 
usually plotted on semi log scale. The voltage gain is shown in dBs and frequency is 
plotted on the log acale. The reasons for taking logarithmic frequency scale are: 
(i) frequency range is usually large and (ii) ear response is logarithmic by nature. The 
frequency response of only one stage of A--coupled amplifier taking loading effects of 
the second stage will be analyzed. The effect of cascading on the frequency response 
will be dealt later, 


Mid-frequency range. This is the range of frequencies at which external capacitors 
Ce and @C, are effectively short circuit and all the internal junction capacitors are open 
circuit. Thus, the circuit has no frequency sensitive component and the voltage gain is 
constant. Each CE stage provides a constant phase shift of 180°, so that the total phase 
shift provided by the two stage CE amplifier shown in Fig. 9.21 is 360° or 0°. 


Low-frequency range. If the frequency is decreased from mid-frequency range, it is 
found that the voltage gain decreases. We will discuss the effect of the coupling capacitor 
Ce only and assume that the bypass capacitor Cr is large enough, so that is behaves as a 
short circuit even at low frequencies. 

For analysis purpose, consider an intermediate stage from X, to X_ in Fig. 9.21. 
The ac equivalent circuit using the approximate low frequency hybrid-# model is 
shown in Fig. 9.22(a) and its simplified circuit using Thevenin’s equivalent is shown 
in Fig. 9.22(b). 
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Fig. 9.22 (a) ac equivalent circuit, (b) Simplified circuit. 


In Fig. 9.22(b), 
Vy =——Saliftch, 
Oo Re + Ry’ +s Ce 
The voltage gain at low frequencies is: 
Vo. ~SmlteR” 
a—i_ = 
Aon VY.  Re +R,’ +s Ce 
~ Dome Re’ he + B,") 
14+1/sCo(Rp +R’) 
1- jf, /f 
where = Sark ig WR) 
eae 
2a Co(Re +R’) 
The magnitude of the voltage gain at low frequencies is given as: 


__! | 
eR F 


and fe 


(9.44) 


(9.45) 


(9.46) 


(9.47) 


(9.48) 


(9.49) 


(9.50) 
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and the phase shift @ is: 


6 = tan” (f/f) (9.51) 
The total phase shift at low frequencies is: 
& = 180° + tan (f/f) (9.52) 
At f =f, 6 = 180° + 46° = 225° 


The magnitude response of an amplifier is usually plotted on a semilog scale. The 


normalized voltage gain |e in dBs w.r.t. normalized frequency fff, on log scale is shown 


in Fig. 9.23. The response approximated by piecewise linear curves is shown by solid lines 
and is referred to as Bode plot. 


a 


| | tet | 
| | Ape] | | 
eat | | ff 


Fig. 9.23 Normalized response of a single stage RC-coupled amplifier at low frequencies. 


It can be seen from Eq. (9.50), that 
(i) for f >> fr, (ie. fr/f << 1) 


[4 
Ania 
or ee = 20 log}, = 0 dB (9.54) 


Thus, the response is a straight line at 0 dB in Fig. 9.23. 
(ii) for f = fis 


m1 (9.63) 


A 1 
lor | = 0,707 ’ 
| . | VE (9.55) 
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=— 20 loge 0.707 


= —3 dB (9.56) 

The voltage gain at frequency /, falls below by 3 dB from its value at mid band fre- 

quency. The frequency /f;, is, therefore, referred to as lower 3-dB frequency. In terms of 

power, it can be seen from Eq. (9.55) that the power delivered at this frequency will be half 

the power delivered to load as mid-range of frequencies. Thus, the frequency /; is also called 
lower half power frequency. 


(ini) for f << fr, 


A 2 Ania | ‘9.5 
| Ajow | iif (9.57) 
or ee = 20 log f — 20 log fi, (9.58) 
Ania 


The response is a straight line with a slope of 6 dB/octave (20 log 2 = 6 dB) or 20 dA/decade 
(20 log 10 = 20 dB) as shown in Fig. 9.23. The two straight lines intersect at f = f, and, 
therefore, frequency /;, is also called the corner frequency. The actual response will be 
asymptotic to these two approximated straight lines as shown by the dashed curve. 


High frequency range. At high frequencies, the reactance of the coupling capacitor Cy 
is very small and can be assumed to be a short circuit. Thus, the capacitor C- has no role 
at high frequencies. However, the effect of junction capacitances C, (base to emitter), C,, 
(base to collector) can not. be neglected at high frequencies. These junction capacitances are 
always present, however at low and mid range of frequencies, their reactances are so large 
that these behave as open circuit. The ac equivalent cireuit of the intermediate stage from 
X, to X, of Fig. 9.2 is shown in Fig. 9.24(a). The loading effect of second stage on the lat 
stage has been represented by capacitance Cy, and resistance R;. Here the Cg represents the 
total capacitance [C, + C,(1 + g,,ft,)] between base to emitter of transistor Q, where C, has 
been replaced by its Miller capacitance. The effect of junction capacitances at high frequencies 
has been discussed in Chapter 10 as well. 

The simplified circuit using Thevenin’s equivalent is shown in Fig. 9.24(b), from which 
we may write, 


en; (Re IR 
Vy=-——2 ar = RII) (9.59) 


(Re 1B, + 2 


Simplifying, we get 


= 


(9.60) 
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Rell,” 


Bm ¥ (Rell R,’) 


tb) 


Fig. 9.24 (a) ac equivalent circuit at high frequencies where Cy = [C, + C,(1 + g,.Fy)] 


where R, = R,||R,, (b) Thevenin's equivalent of 9.24(a). 


The voltage gain Ajj, at high frequencies is obtained as: 


V, _ -@mltch'/ Re +R,’ 
== 
Avieh ~ V1 + jaCs(Re IR,’ 


= —Armit 

1+ jf! fy 
eee ee 
OnCs(Re I R;’) 
Thus, the magnitude response is given by 


@= -tan"! fify 
The total phase shift at high frequencies is: 
&y = 180° — tan-! fify [180° due to A,val 
At f= fy, tan“ = 45° 
So Oy = 180° — 45° = 135° 


where fa = 


and phage shift @ is: 


(9.61) 


(9.62) 


(9.63) 


(9.64) 


(9.65) 


(9.66) 
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Total frequency response: We have analyzed one stage of the RC coupled amplifier at 
different frequency ranges. From these, the complete frequency response of the RC coupled 

i can be plotted which is shown in Fig. 9.26. The response shown here has not been 
normalised. 


fe fa f (log scale) 
Fig. 9.26 Complete frequency response of single stage of RC-coupled amplifier. 


A very important quantity of interest for the amplifier is its 3 dB bandwidth (BW) 
defined as: 
BW = fy - fi 
that is the bandwidth of an amplifier ia the difference of upper cut-off frequency /;; and lower 
cut-off frequency f;. Bandwidth is taken as a measure for comparing the performance of 
amplifiers, An amplifier with high BW need not necessarily be good. It should have high 
gain too. Suppose we have two amplifiers with the following values: 


Gain BW 
Amplifier 1 400 20 KHZ 
Amplifier 2 100 50 kHZ 


So, which of the two amplifiers will be considered better. One with high voltage gain or the one 
with high bandwidth. The amplifier which provides high gain bandwidth is considered to be 
better. Thus, a more important criterion which gives the figure of merit of various amplifiers is 
gain bandwidth product (GEW). Higher the value of GBW product, better is the amplifier. 


Phase shift characteristica: The complete phase shift characteristics of the RC coupled 
amplifier is shown in Fig. 9.27, The phase shift @be summarized as 


Mid-band frequency: é= 180° (9.71) 
Low frequency range: &, = 180° + tan f,/f (9.72) 
High frequency range: @y = 180° — tan- fifi, (9.73) 


Loading effects in RC coupled amplifier: There is one drawback of RC coupling in 
multistage BJT amplifiers. The input resistance r, (or A,;,) of a BJT is quite low (of the order 
of 1k) and it comes in parallel to the load resistance Re of the previous stage in cascaded 
amplifiers. This reduces the effective load of each stage and hence the voltage gain of the 
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stage gets reduced due to this loading effect. Because of this the overall gain of the cascaded 
amplifier is less than the product of the voltage gain of the individual stages (without 
loading). 

Phage shift, (@) 


225° 


180° 


fe In Frequency f 
Fig. 9.27 Phase shift characteristics of an RC coupled amplifier. 


9.3.2 Transformer Coupled Amplifier 


The loading effect can be reduced by replacing the resistance Re with a transformer. The 
primary winding of the transformer is connected between collector and dc supply and the 
secondary winding is connected to the load. By proper selection of the turns ratio of the 
transformer, impedance matching between the low input impedance of a stage (or load) with 
the output impedance of the previous stage can be achieved. The frequency response of a 
transformer coupled amplifier is shown in Fig. 9.28. It is seen that the response is flat at 


Gain 


0 f 
Fig. 9.28 Frequency response of a transformer coupled amplifier, 


low frequencies and exhibits resonance at a high frequency where voltage gain becomes 
high. The transformer coupling is rarely used at audio range of frequencies as the size of 
the transformer becomes very bulky at low frequencies and the cost is also very high. And 
when used at high frequencies, the inductance and interwinding capacitance gives rise to 
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resonance phenomenon. With proper design, this type of coupling is used for amplifying 
radio frequency signals (> 20 kHz). However, the most important application of transformer 
coupling is in the last stage of a system to provide impedance matching. For example, in a 
public address system or a transistorised radio, the load is a loudspeaker with a low resistance 
(4-15 ©) value, so the transformer coupling provides excellent impedance matching. 


9.3.3 Direct Coupled Amplifiers 


The output of the first stage is directly connected as input to the next stage without any 
coupling device. Thus, very low frequency signals (<10 Hz) and even de signals can be 
amplified. These amplifiers are very useful for low frequency applications. As an example, 
consider the use of a thermocouple for measuring the temperature of a furnace. The output 
voltage of the thermocouple will be very low (in wV) and, therefore, needs to be amplified. 
It will also be slowly varying as the temperature of the furnace varies slowly. In such 
applications, one can use a direct-coupled multistage amplifier. The frequency response of 
a direct-coupled amplifier is shown in Fig. 9.29. The response is flat up to the upper cut- 
off frequency fy. One major drawback of this type of coupling is that as de signals are not 
blocked, the de current from one stage also goes to the next stage thereby disturbing the 
quiescent conditions of the next stage. Further any variations in the de voltages and currents 
due to temperature variations or change of device are passed on to the next stage. The 
temperature stability of such amplifiers is poor, although it can be improved to a certain 
extent by using negative feedback in the circuit. 


Voltage gain Ay 


fu Frequency f 
Fig. 9.29 Frequency response of a direct coupled amplifier, 


The direct coupling, however is very useful in differential amplifiers which form the 
basic building block of an operational amplifiers. 


9.4 DIFFERENTIAL AMPLIFIER 


A cascaded direct coupled amplifier can provide high gain down to zero frequency (see Fig. 9.29) 
as it has no coupling capacitor. However, such an amplifier suffers from the major problem 
of drift of the operating point due to temperature dependency of Ippo, Vag and jpg of the 
transistor. This problem can be eliminated by using a balanced or differential amplifier as 
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shown in Fig. 9.30. It may be seen that it is essentially an emitter-coupled differential 
amplifier. The main advantage of a differential amplifier is that these are less sensitive to 
noise and interference. A differential amplifier amplifies only the difference of the signals 
applied to the two bases B, and By, and any signal such as noise or interference which is 
common to the two bases is rejected. 

A differential amplifier of the type shown in Fig. 9.30 can be used in four different 
configurations depending upon the number of input signals used and the way output is 
taken. These four configurations are: 

(i) Differential-input, differential-output or dual-input balanced-output 

(ii) Differential-input, single ended-output 

(iii) Single-input, differential-output 

(iv) Single-input, single ended-output 


Voc 


Fig. 9.30 The basic differential amplifier. 


If the signal is applied to both the inputs then it is differential input or dual input and 
the difference of signals applied to the two inputs gets amplified. In many applications, a 
single input is only used. Similarly, if the output voltage is measured between two collectors 
then it is differential output. This is also referred to as a balanced output, as both collectors 
are at the same de potential w.r.t. ground. 


Low frequency small signal analysis of differential amplifier: An ideal dual-input 
balanced output DA as shown in Fig. 9.30 should amplify only the differential signal at the 
two inputs and reject the signal common to these inputs. As transistors Q, and Q, are a 
matched pair of transistors, thus any unwanted signal, such as noise or hum pick up which 
is common to both the inputs would get rejected. However in a practical case transistors Q, 
and Q, are not equally matched and output does appear even when same voltage is applied 
to the two input terminals. In this section, we will discuss how to compute the small signal 
differential mode gain Apy and common-mode gain Aggy. These expressions help in finding 
the figure of merit CMRR that is, common mode rejection ratio of the differential amplifier. 
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The ac analysis of the differential amplifier can be performed either by using hybrid-« 
model or A-parameter model. Both the approaches have been dealt with. 


Differential-mode gain Apc In Fig. 9.31, for V, = Vo, the current J, divides equally into 
the two transistors Q, and Q, because of the symmetry of the circuit. However, if V; is now 
increased by an incremental voltage (small signal) v,/Z and Vs is decreased by v,/Z as shown 
in Fig. 9.31, it can be seen that the differential amplifier is being fed by differential small 
signal vz. The common mode small signal is naturally zero. The collector current ip, will now 
increase by an incremental current i, and i; will decrease by an equal amount. The sum 
of total currents in transistors @, and Q, however remains constant as constrained by the 
constant current Jo As there is no change of current through Az, the voltage Vp at the 
common emitter point E remains constant. Thus, for small signal analysis, the common 
emitter point E can be considered to be at ground potential as shown in Fig. 9.31. 


+ 
Ma 
FA 


av) 


I}e— 1 vole + 


4 


Fig. 9.31 Differential amplifier when different input signal applied. 


Analysis: 

Using hybrid-x model. Since the performance of two sides of the differential amplifier is 
identical, we need to analyze only one side of the differential amplifier called differential- 
half circuit. Figure 9.32(a) shows a single stage CE transistor amplifier fed by a small 
signal voltage v,/2 and its ac equivalent circuit using hybrid- model is shown in Fig. 9.32(b). 
From Fig. 9.32(b), 


vg = oh; Up =~ BneRe 9.74) 


Therefore, a =-—g,,Re (9.75) 
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Fig. 9.33 Small signal equivalent cireuit of differential half circuit using 
h-parameter model. 


Therefore, the differential mode gain Apa; 18 given by 


Ana oe 18 p, —Gingle-ended outpat) (9.83) 
Uy 2 hi, 


Similarly, we may write 


pe ee fefic * (Single-ended output) (9.84) 
vy 2 hy 


If the output is taken differentially between the two collectors then 


= A 
Any = “te == weve (differential-output) (9.85) 
id 


In the analysis, the source resistance Ay has not been taken into account. 


Common-mode gain Aggy Now, consider the case when V, and V, both are increased by 
an incremental voltage v,. The differential signal vy now is zero and common-mode signal 
is v.. Both the collector currents i-, and i;-; will increase by an incremental current i,. The 
current through Ae now increases by 2i,. The voltage Vr; at the emitter node is 2i.A, and 
no longer constant. In order to draw the common mode half circuit, replace resistance Ae 
by 2A, as shown in Fig. 9.34(a). The common-mode gain A-y is calculated from the small- 
signal hybrid-# equivalent model shown in Fig. 9.34(b). It can be seen 


Yor Yon Ae 
Acw uv. U, ry +X1+ Re (9.86) 
For & >> 1, 
- “Smite Fe 
Acu =j +2¢,Rp 2Rs (9.87) 
Tt can be seen that, if the output is taken differentially, then the output voltage vg, — Ugg 


will be zero and the common-mode gain will be zero. However, if the output is taken-.single 
ended, the common-mede gain will be finite and given by Eqs. (9.86) and (9.87). 
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The common mode gain Acy using A-parameter model can be easily computed as: 


| hehe 
Aca U, Mj + (1+ hy Rp 7 
Common-mode rejection ratio (CMRR): The common-mode rejection ratio (CMRR) is 
defined ag: 


A 
CMRR =| —2 (9.89) 
Ac 
Vor 
Re 
Ue 
La 
2Re 


Fig. 9.34 (a) Common-mode half cireurt (b) ac equivalent circuit using hybrid-# model. 
For differential-input, differential-output, using Eqs. (9.77) and (9.86), we obtain 


fist Fal 
CMRR = 2nMclt + 28mKe) a He) (9.90) 
= 1+ 2g,,ite 
= 2g,Jte (9.91) 
CMRR is normally expressed in dB, so 


CMRR = 20 log “am | (9.92) 


lAew | 


® Amplifier stages are cascaded to obtain desired values of voltage gain, current gain, 
input and output impedances. 

® The overall voltage gain of a multi-stage amplifier ig less than the product of gains of 
individual stages due to loading effects. 

@ A Darlington pair consists of two transistors in CC—CC cascade and provides very high 
current gain, very high input impedance, voltage gain unity (slightly less than a single 
CC stage) and low output impedance. 
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Draw the frequency response of an AC coupled amplifier and explain why gain falls 
at low and high frequencies. 


Define upper cut-off and lower cut-off frequencies of a RC coupled amplifier. What is 
the significance of these frequencies? 


Show that the gain bandwidth product of an RC coupled amplifier is constant. 
Explain why the frequency response of amplifiers is plotted on a semilog scale. 
Explain the advantages and disadvantages of (1) transformer coupling (ii) direct coupling. 
Explain “overall voltage gain of a multistage amplifier is less than the product of 
individual stages”. 

Discuss one application of direct coupled multistage amplifier. 

Explain how drift of operating point is overcome in direct coupled stages. 

Draw the circuit of an emitter coupled differential amplifier and explain its working. 


Explain and derive the expression for differential mode gain Apa; and common-mode 
gain Apy of a differential amplifier. 


Define and explain the significance of CMRRE. 


Calculate the overall voltage gain for the BJT cascade shown in Fig. 9.38. The value 
of # for both the transistors is given as § = 150. 


(Ans. 23642) 


Fig. 9.38 Circuit for P9.1. 
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A two-stage FET RC coupled amplifier has the following parameters: g,, = 10 mA/V, 
rg = 6 kQ, Ap = 10 kO, Rg = 1 MQ) for each stage. Find the overall mid-band gain. 


(Ans. 1406.2) 


A three-stage RC coupled amplifier uses FETs with the parameters: g,. = 2.6 mA/V, 
ra = 10 kit, Rp = 10 kf, Re = 0.1 Mf Evaluate overall mid-band gain. 


It is desired that the voltage 
gain of a BJT RC coupled 
amplifier at 60 Hz should be 
ten percent of its mid-band 
value, Show that the coupling 
capacitor Ce must at least be 
equal to 5.5/[(r,||Rg) + Rel 
where FR, = R,|| Rs 


Calculate the amplifier voltage 
gain for the circuit shown in 
Fig. 9.41. Given Bp = 6000, 
r,=5 kf. 

(Ans, 0.998) 


Fig. 9.41 Circuit for P9.6. 


A two-stage CE-CE amplifier uses transistors biased at [->g = 1 mA, and having 
Parameters as: f, = 125. Also given that Ag = 0.6 kfl, Re, = Reg = 1.2 kD. Determine 
(i) r, Ui) overall voltage gain. 

(Ans. 3.125 K; 13996) 


Voe 


A cascade configuration shown in 
Fig. 9.42 uses transistors from @, 
to Q, with same ff. Assume r, = 
Find the input resistance R,. 


(Ans. R,=Rg(l+h,)” ) 


Fig. 9.42 Circuit for P9.9. 


P9.10 


P9.11 


P9.12 


Chapter 9 


For the circuit shown in Fig. 9.43 
verify that 


(a) pees _Emifighs _ 


Vi 14+ 8mARs 
V, Bio (Rg + Re) 
a 
(b) Ayg V, 1+g.feRs 


Assume: Ap >> r, Fa >> Fn 
4 >>1 and pw >> 1. 
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Fig. 9.43 Circuit for P§.10. 


A differential amplifier uses a transistor with J = 200 and biased with Jg = 100 pA. 
Determine Re and Re so that |Apy| = 500 and CMRR = 80 dB. 


(Ans. 125 kQ, 1.25 M&) 


For the differential amplifier shown in Fig. 9.44, it is given that f for both the 


transistors is 200. Find 


(a) For v, = vz = 0, determine the bias currents Jpg and Igo. 
(b) Find vp, and vp, for the conditions in (a). 


(Ans. (a) 0.495 pA, 2.48 wA, (b) vp, = vag = 10.0 V, (c) -198, -0.347, 55.1 dB) 


Pig. 9.44 Circuit for P9.12. 
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P9.13 Calculate (i) g,, (ii) Vo in the circuit shown in Fig. 9.45. Given 4, = 200. 
(Ans. 6.84 mA/V, 492.4 mV) 


Fig. 9.45 Circuit for P9.13. 


P9$.14 For the Darlington follower shown in Fig. 9.46, transistor @, has a § = 20 and 
transistor Q, has a #= 200. Assume Vee = 0.7 V and neglect the effect of rp. 


(a) Find the de emitter currents I,,, Ippo and de voltages Vy, and Vyas. 
(b) Find input resistance Fj. 
(c) Find the overall voltage gain Vy'V,. 
(Ans. (a) 30 pA, 2 mA, 3.79 V, 3.09 V, (b) 448 Ef, (c) 0.805) 


ov 


Fig. 9.46 Circuit diagram for P§.14, 
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P9.15 The circuit in Fig. 9.47, shows an amplifier using a pnp and apn transistor in 
parallel. Assume transistors have identical characteristics. Derive an expression for 
the voltage gain and input impedance. 


21 + hy, We R we et hg Re 


Vn Nig +201 + hg Re 


Fig. $9.47 Circuit for P9.15. 


CHAPTER 


1 () Frequency Response 
of Amplifiers 


10.1 INTRODUCTION 


In practice, a useful signal is made up of a number of frequencies. It is rare that we deal 
with a signal of only one frequency except in some communication systems. A signal of a 
single frequency is usually obtained from oscillators. Such single frequency oscillations can 
easily be amplified though some special devices might be required when the frequency is in 
the range of Gigahertz (1 GHz = 10° Hz). However, when we deal with a signal containing 
a number of frequencies, its amplification poses many problems if we aim at faithful 
reproduction of the amplified version from the low amplitude input signal. The voltage or 
current gain of an amplifier is a function of device parameters, such as r, (i.e., h,,), Cy (Le., 
diffusion capacitance Cp due to forward conduction of base-emitter diode) and C, (i.e., depletion 
capacitance Cy due to reverse biasing of the base-collector diode) for the case of BJTs; and 
the capacitances C,, (between the gate and source), C,,; (between the gate and drain), C,, 
(between the drain per source) in the case of FETs. Besides these capacitances, the coupling 
capacitances, the bypass and the blocking capacitors also appear in the calculation of voltage 
and current gains. 

The signals utilized in many electronic systems have to be amplified with a minimum 
distortion. Thus, for this purpose, the active devices involved must operate linearly, i.e., the 
emall-signal conditions must apply. 

When the amplifiers are required to operate over a broad frequency range, the internal 
capacitances of the active device and the coupling capacitances’ effect must be taken into 
account. The low frequency edge of the signal may be DC or a few hertz, the high frequency 
may go upto tens of gigahertz. The square pulses, in general, and particularly in television, 
radar and sonar ete, require wideband amplifiers. The various capacitances appearing in the 
amplifiers have frequency-dependant reactances (°° X¢ = 1/j@C). Hence, the amplifier gain 
depends on the frequency content of the input signal. If the amplifier has not constant gain 
for all the frequencies of interest, the output signals would have frequency distortion. The 
aim is to have the minimum possible distortion in the amplification process. 
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In this chapter, we shall study how a low-level or a weak signal containing frequencies 
from DC to a few megahertz can be amplified with a minimum distortion. We shall first 
determine the frequency response of single-stage BJT and FET amplifiers. Thereafter we 
shall extend this treatment to multi-stage amplifiers. As the rigorous analysis becomes quite 
involved when an amplifier (single or multistage) consists of many capacitors in the equivalent 
circuit, an approximate method for evaluating the frequency response may be usefully adopted. 
Such approximation methods are also developed in this chapter. 

It may be noted that the integrated-circuit amplifiers are, in general, direct-coupled (i.e., 
do not use the coupling capacitors). Their performance at low frequencies is, therefore, 
highly satisfactory. However, their performance deteriorates at high frequencies due to the 
internal capacitances of the transistors (C,, C,. Cy,, Cyg, Cu, ete.). On the other hand, the 
discrete-component stages invariably use coupling and bypass capacitors, and, therefore, 
their performance deteriorates at low frequencies. It is useful to study the behaviour of 
single and multistage amplifiers at high frequencies first‘and then discuss their performance 
at low frequencies. 

In this chapter, we shall discuss the following topics: 

Frequency-response characteristics 

Asymptotic Bode's diagram 

High frequency response of amplifiers 

Low frequency response of amplifiers 

Total (high and low frequency) response 

Bandwidth—{3 dB bandwidth) 

Parameters to determine the response to a square wave input signal (tilt and sag) 
Common emitter short circuit current gain (and parameter fr) 
The generalised gain function (and dominent pole approximation) 
High-frequency response of a common emitter stage 

An important result (useful for the analysis) 

CE configuration analysis by unilateral hybrid-2 model 

The gain—bandwidth product 

Common source (CS) stage at high frequency 

Emitter and Source followers at high frequencies 

The Source follower analysis 

The time constant method of obtaining the response 

The frequency response of cascaded stages 

The cascode (CE—CB) amplifier 

The effect of coupling and bypass capacitors 


10.2 FREQUENCY-RESPONSE CHARACTERISTICS 


If the input, low-level, signal is sinusoidal, the output (amplified) signal is also sinusoidal. 
However, if the input signal contains a number of frequencies, and each frequency has 
different amplifications then the gain may be written as: 


Az A/é 
where A is a vector, A and @ are the amplitude and phase responses, respectively. In 
general, A and @ are functions of frequency f. The frequency-response characteristic of an 
amplifier is the plot of gain and phase versus frequency. Bode diagram is used to display 
the frequency response. The asymptotic Bode diagram is a convenient approximation of this 
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sinusoids (sine or cosine waves) used in electronic circuits are of wide range. For example, 
the signals in audio systems are in the range of 3 Hz to 30 KHz. It is, therefore, necessary 
to determine the response of the network transfer function, usually denoted by Gis), at each 
frequency. The response contains the information of magnitude response Gijw) and phase 
response <G(jqw), ploted versus the frequency w (though w= 2a/, but ais also called frequency, 
in radian/sec). The function Gis) is the Laplace transform of time signal git). 


Gls) = [, ee) ede (10.6) 


where Gis) is the system response, i.e., the circuit's transfer function. 
Here, s is the Laplace parameter. If we replace « by jw then we obtain a complex 
function denoted by GLja) which is a vector quantity. Some authors prefer s = j/O where 


() hae the game effect as a Glew) is system's frequency response. The bar on G( jar) 
indicates that Gi je) is a vector quantity having phase and magnitude. We can write 


GU jo) =|GUiw) | 2GLja) (10.7) 
= Gia) . 2a) 
where |G(jw)| is mod of Gijw) and is denoted by Gija) being a scalar quantity, and 


£G( ja) is phase angle of G( jo), it is sometimes denoted by @(q), It is customary to express 
Gijmw) in decibels (dB), i-c., 


Gia) in dB = 20 log Gijw) (10.8) 


(Note that ‘d’ implies deci and B (always capital letter) refers to Grahm Bell). 

A plot (graph) drawn with Gija) in dB along y-axis and log w along x-axis together with 
&a) (ie. the phase response) along y-axis and log w along x-axis is called the BODE 
diagram. Bode diagram gives information of behaviour (i.e. response) of the circuit for 
different frequencies in the input signal when the input signal contains a large range of 
frequencies. By chosing log @ on x-axis we can represent the large range of frequencies much 
more conveniently than if we took w along the x-axis (and not log wi. Note that the Bode 
diagram gives approximate frequency-response characteristic which is adequate for many 
applications. However, the nature of Bode diagrams leads to simply drawn approximate 
characteristics, called asymptotic Bode diagram. 

The network function of any system has a generic form given by 


S stl/le Nis) 
[Ee \ p Dis) (10.9) 
which may by written as: 
1+ aps + aos? ++ +a, 3” 
Gisic KE £7 0)8 tOg8 te +G,8 
1+bys + bos? +--- +h,8" (10.10) 


where K = ao/bg and the a,, 6; in Eq. (10,10) are some other constants and not the same as 
a,;, 4; of Eq. (10.9). The numerator polynomial and the denominator polynomial in Eq. (10.10) 
can be factorized and Eq. (10.10) may be expressed as: 


(1 + 8/21) + slZg)---(1 + 5/Zy) 
Gi ee gee Ce lee LL 
g (1 + sip, M1 + s/p,)--- (1 + sip, ) (10.11) 
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Here, —2,, —Z», ..., etc. are the roots of the numerator polynomial and —p,, —pas, ..., ete. 
are the roots of the denominator polynomial. Note that —2, indicates zeros of Eq. (10.11), ie., 
ats =-Z),8 =-Z,,8 =-Z,,, Gls) becomes zero. Hence —Z, are called zeros of G(s). Similarly, 
a =-p, are called poles of G(s) since at s = —p), 3 = -ps, .., 8 = —p, the system function 
Gis) assumes a value of infinity. For determining the frequency response, we replace s by 
jw@ in Eq. (10.11). This yields 


=, (1+ jor! 2, M1 + por! 2g) + (1+ jos) 
G Pe gg tals Li a beet LE tell 8 7 
ue (1 + jar! py M1+ Jor! po): (1+ jar! p,) aie 
The expression for G(jq) is a product of a constant K and a group of terms of the form 
(1 + jo/Z,) or 11 + ja/p,,). Each of these terms can be thought of individual vector (also 
called phasor). Hence the resultant G( jw) has a magnitude which is the product of the 
magnitudes of individual term; and the resultant G(jm) has an angle which is the algebraic 
sum of angles of individual angles. 


As mentioned earlier, we use decibel form of the magnitude for the Bode diagram. Note 
that 


20 log [(1 + jovZ, 1 + joZs) ... (1 + jovZ,,)] 


= (1 + jovZy)gp + (1 + JovZolan + + (1 + JovZ, up (10.13) 
Thus, the product terms become sum terms when expressed on dB. Similarly, 
(l+ja/Z)) ... eared 
20 log + jars) =(1+ ja/ 2, )gn —(1 + Jor! py ap (10.14) 


Let us define two simple functions: 
1 


* Ge) =0+ jo/ayk Gy( jo) =———— 
Ga) + Jan! iy, gl fan) 1+ jal ay) (10.15) 
It will be readily seen from Eq. (10.15) that for ash 
|G,(ja)| = |G,(j@)|=1 
Hence G,Li@gg = Gy ja)y_ = 20 log 1 =0 (10.16) 


At very high frequencies @, we can assume g/m, >> 1, and, therefore, Eqs. (10.15) yields 
(neglecting 1 w.r.t. aa) 


Rs 5. joo)| = 2% 
s— d |G. = 
Giol=2 and (6,4or1=% 
Hence G,Cja)ap = 20 log (10.17a) 


G, (jo) = — 20 log = (10.17b) 


‘We have used the notation |G,(jw)| = Gy(jw) and |G,(jw)| = Ga(jw) in Eq. (10.17a) and 
(10.17b). 


Equations (10.16) and (10.17) show that at low frequencies (@ << a9 or a/aiy << 1), the 
magnitudes G,, Gz in dB are zero (and G, = C, = 1 here). 
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At @ = oh, Gy Yolyy = GolJalyg = 0 (10.18) 
At @ = 10ay, Gly, = 20 dB; Golfaly, = -20 dB (10.18b) 
At a = 1000, Gyo, = 40 dB; Gslfelgy = —40 dB (10.18¢) 


Tt is seen that the values of G,, G, in dB increase/decrease by 20 dB for each factor 
of 10 (decade). The factor of 10 times is linear on logarithmic frequency scale, hence 
Eqs. (10.18a), (10.18b) and (10.18) will be straight lines on logarithmic graph, i.e., the Bode 
plots of Eq. (10.17a) and Eq. (10.17b) will be straight lines with their slopes +20 dB/decade 
for G, and -—20dB/decade for Gy. It is also customary to express the slopes of the straight 
lines in units of dB/octave. Octave means 2 times in frequency. Thus, for @ = 2a), the values 
of G, and G, from Eqs. (10.17a) and (10.17b) will be +6 dB/octave and -6 dB/octave, 
respectively (Note that 20 log 2 = 6). It may be noted that a slope of 20 dB/decade = a slope 
of 6 dB/octave and -—20 dB/decade = -6 dB/octave. 


The phase angles represented by G,(jw) and G,(jw) are as follows [from Eq. (10.15): 


Hee -) @ -| @ 
£G,(jo)=tan'— or &(e)= tan! — (10.192) 

tty thy 
2G,(jo)=-tan? or @,(w)=-tan?& (10.19b) 

: ay Gy 

At w«w=0, A(a) = 0, Ayla) = 0 (10.20a) 
At w=, @,(a) = 45°, B,( 0) = —45" (10.20b) 
At i >> a, @(a@) = 90°, Gof a) = —90° (10.20¢) 


In practice, to draw Bode graph (asymptotic diagram), instead of o = 0, w = 0.lay is 
taken to draw (a) = &(w) = 0. Rigorously, 


tan! — tan7! —_ = tan! 0.1 = 5.7° 


but we assume tan-! 0.1 = zero. This is a small error in approximation. Similarly, instead 
of w@ >> a), if we take w = 10a) instead of w >> a), we take 6,(@) equal to -90°. Rigorously, 
when @ = 10a), we have 


tan“! — tan” = = tan” 10 = 84,3° 


but we assume tan“! 10 = 90° for the plot. This is a small approximation error in phase 
response. Hence the maximum error in phase characteristic is 5.7°, ie., at break fre- 
quency (@ = a), the phase error is zero; and at w = 0.loy or a = 10ay, the phase error 
is 6.7°. 

Various curves in Fig. 10.1 indicate amplitudes and phase responses of G, and G, 
discussed earlier. 
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Phase response curves 


1+ ja/10 
1+ jw@/50 


Atw=0, &w)b= Arg 


is 


1+ 10/10 


1 
= 45° -tan7! — = 45°-11.3° = 33.7° 
eet 5 


At w = 10, ao) Arg 


1+ 50/10 


Aiw=50, A@w)=A 
nee [pee 


Jaa 5 — 46° = 78.7 — 45° = 33.7° 


1+ ja/10 


At @ = =, Oe) = Arg {1 SOrt0 


] = 0 (by inspection) 
i= 


7 (1 + j@/10) 
As Oo) = Ang | S*J0r00) | 


= Are (1 + jov'l0) — Arg (1 + jay'50) 
= Alar) = G(r) 


MW" | -------------7-------<g---------p------------------ Arg (1 + jav'l0) 


8 


a a 


ee eee eee 


a 
i 
f 
i | 
i 
' 
t 
| 
i 
i 
i 
' 
i | 
i 
LJ 
LJ] 
i 
' 
i 

~~ ---t----- - 


Fig. 10.3 Curves showing phase angles 6,(a@) and 4,(a) + @(@), Ex. 10.1. 
where 6,(a) = Arg (1 + jav10) = 0, w=0 
= 45°, w= 10 
= 50°, w= 
6(o) = —- Arg (1+ jor50) =0°, w=0 
= 45", a=0 
= -90°, a= = 
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where A = 20 log 100 = 40 dB constant for all frequencies 
atw=1, gain=0dB 
atw=10, gain =20dB 
20 dB/decade starting from m = 1, curve B is drawn in Fig. 10.4(a). 


2 : 
a at@w=0, gain=0dB 
C= 10 1+) — 
vs| (=) at @ = 20, seh 


B = 20 log w 


Assume gain 0 dB upto w = 20 for curve C 
Now C = 20 log = for w >> 20 
20 dB/decade starting from w = 20 for curve C (see Fig. 10.4a) 


Z 2 
a at @=0, gain = 0dB 
nem .= 106+.) | at w = 1000, meee 


(Assume gain 0 dB upto » = 1000 for curve D) 


2 
Now D ~-20 og (=) for @ >> 1000 
1000 


—20 dB/decade starting from w= 1000 for curve D (see Fig. 10.48) 


“o J} at a = 0, gain =0dB 


nome ls log |1 «(555 at w= 10°, gain = -3dB 


(Assume gain 0 dB upto w = 10° for curve E) 
Now E = —20 log cpr >> 10° 
-20 dB/decade starting from w = 10°, for curve E (see Fig 10.4a) 


191 dB (constant) 


(a) Amplitude (Gain) |.A,(jav| in dB, 
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Be 


eee gqecenne= 
eee ee 


232 2 SSS c 


10° 


1] 
i 
t 
] 
i 
i 
J] 
i 
i] 
ti 


bec ee pS SSS Sse ee eee 


Fee eee eee 


(b) Phase (ai in degrees. 


(B): @y(@) = tan“ $* 90° (constant) (C): &(a)= tan" = — 45°/decade (@ = 2 to 200) 


(D): @y(@) = - tan oF +» -45%/decade (E): 6,(w) =-tan™ af > -45°/decade 
(@ = 107 to 10%) (@ = 10° to 107) 


Fig. 10.4 (a) Amplitude plot, (b) Phase plot for Ex. 10.2. 


10.4 HIGH FREQUENCY RESPONSE (of Lowpass BJT Circuit) 


We, now consider the frequency response of the amplifiers for various cages. First we take 
up the high frequency behaviour of a given circuit with input capacitance. 

Consider the equivalent circuit of a typical BJT shown in Fig. 10.5. Cyy is the internal 
capacitance of the amplifying device (e.g. C, and C, for the BJT; C,, and C,, for the FET). 
R, ia the input impedance of the amplifier. A hybrid-2 model will be more usefyl ijn the 
analysis that follows. We aim at determining the value of voltage gain Ay = Vp/V; at various 
frequencies. 


_isCy)R oR 
= Culley )+h 14sRCy 


z= Cyllk, (a) (b) 


Fig. 10.6 (a) Low-pass circuit of a BJT, (b) The frequency domain (s-plane) 
representation of circuit in (a). 


Yaw Zz =Ve. R,f1+sCyR,) 
Rg +2 Re. + = 
3 1+8CyR 
Y= ee Vi (10.21) 
(Rg +R) +sCyRRs * 
Vo = 4emV DR, 
Vp fini 
V, (Rs + Ri) +sCyFRs 
V,  -¢,i,.R, AR, + R,) A 
dete See Se 
Hence yy (8) vy, ae RR l+a/ty (10.23) 
MR, + Rs 
where Ay, is the gain of the circuit at s = jw = 0, ie., the DC gain. Clearly, 
Ayo = mit LR + Rj) 
Note: If R; = r, then Ay = —AR,(Rs + r,) as for CE mode of a BJT for low frequencies 
model. 


(: Vy = Vg) (10.22) 


Now py aa 
Cy (Rs 1K) 
As ei (10.24) 
1+s/ay 


Avy (jar) = yrs (putting s = ja) 


; Ay —Enlt Re, 
r= ‘ = ; 
| Arya (jew) | UVa? Ayo Re +R, (10.25a) 


ten (10.25) 


a 


_ 1 the half power frequency (10.25) 
= (Rg ||RCy for lowpass BJT circuit 
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Note: 1: The input resistance seen by Cy is Rg||R;. (see Fig. 10-6) 


i.e. Z’= ish 
Rs +f, 
2 Avi |, =0 
x 
5 ae 
62 |. "5 
4 ens 
Os f= fy 4 
1 
5: Avi |yop, = Jefe (io. at f = fy, Avy is 3 dB down) 
Rs 
. Zz z 
(input resistance 
seen by C,,) 
(a) (b) 


Fig. 10.6 To find resistance seen by Cy. (a) Actual circuit, (b) To get 2’, we make Ve = 0. 
In Bode’s diagram, we take 


Oy = -90° for £ =10 
fa 


@, = —45° for a 
fn 


si f 
hy = 0 for —=(.1 
Or f, 


H 
Exactly For Bode’s diagram 
tan“! 0.1 = 5.7° but we assume 0.0° 
tan“! 1.0 = 45° we take 45° exact 
tan“! 10.0 = 84,.3° but we assume 90° 


Since, at f = fy, the gain Ayy is 1/ V2 Ayo: Le., 0.707Ay) hence, the power (i.e. gain*) or 
the decibe] reduction of the gain is: 


0.3 _ 


20 logy, AY = 20 log, 0.707 =20 x — -3dB 
Avy F 
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Then, fy is referred to high or upper (3 dB down frequency) 3 dB frequency or also called 


upper (high) half-power frequency. 
In the Bode's diagram, as shown in Fig. 10.7, the asymptotic curves are drawn for 
relative gain AyAy versus relative frequency fify. Note that as f — ==, i.e., ¢ — =, 


Relative frequency (jf) ——+e 
0.1 o.2 0.4 1 2.10 4.0) 8.0 10 


4 
a 
L} 
a 
a 
1 
! 


slope = —45*/decade 


| 
_ 
i] 


Relative magnitude (dB) ——+ 


g 


Phase: 0.0° at ff, =0.1 fifg= 1 Phase: -90" at fify = 10 


Fig. 10.7 Normalized Bode diagram of the transfer function, given by Ayjyls) = Ayp/ll + s/t) 
(a low pass filter). X-axis is log of normalized frequency given by log (/ffy) 


Ayy(s) a 
fro | som olay Jo 
Ayy(s) ee 

Ayp 7 ty 


i.e, Slope at @ — = is found as follows: 
To find slope of Ayy’Ay, at asymptote for w —+ = 


As 


20 logo 


Ava 
“WH = 20 log <2 
Ayo z ial g@ 


= (20 logy, @y — 20 log) w) dB 


Here slope is -20 dB/decade, bes as @ increases to 10 times, 20 logy, |Ayq/Ay| de- 
creases by 2 dB. 
The circuit of Fig. 10.5 is a low-pass filter since at w» = 0, the gain is the highest (= Ay) 
and the gain decreases as @ increases. For example, if 
Cy = 100 pF, A; = Rs = 1 ko 
R,||Rs = 0.6 kD = 500 2 
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4 —Avo  _ (Avos/ay,) 
=(l+a,/s) (l+s/m,) 


(10.27a) 


where (10.27b) 


” (Rs + RCo +RCe of highpass BJT circuit 


4 = — mR 10.27 
=n Ayo (Ry +R) ( e) 


(Ay 18 the same as in the high frequency 
response model see Eq. 10.250) 


: Ayp aft 
Also, ™ . = tan™ = 0.28 
50 | Avr Ver) | GPP &, f (10.28) 


Arg [Ay io) =~tan (— 4.) =tan” (4) 


Clearly, Ay, — 0 as f — 0 and Ay, is maximum at f —- ~, 


Relative gaara Be —_—_- 


ff.= 10 Pr. = 100 


Fig. 10.9 Normalized Bode diagram of the transfer fonction of the circuit in Fig. 10.8 
(high-pasa filter). Ays) = Appl + o/e). X-axis is log of normalized frequency 
given by log (if) 


This is a high pass filter, therefore for Ce = 1 uF, Rg = A; = 1 kQ, 
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1 
~1x107 x 2x10 
or f, = 80 Hz 


The behaviour of this circuit (Fig. 10.8) as a high pass filter is obvious, since at high/ 
higher frequencies the reactance of C- is quite low and it permits the signal to be fed to the 
amplifier's input terminal. As w— 0, wl, — » and here the input signal is completely 
blocked and V, — zero. 

The Bode diagram for the transfer function Eq. (10.27a) is shown in Fig. 10.9. Note that 
from (10.27a) we have 


ty, =500 


Av, i +0 
Ay, (s)|,_. = Ava 


1 
Ay, (s) Lice = Va Ave {i.e., half power point) 


é;, LL =0 
Bt, lenm, = 45° 
@, |... = 90° 


w=0 
In Bode diagram: (4, =tan™ *.), take 
ro] 


= 45° at ava, = 1 
%=0° at aay, = 10 
A = 90° at aya, = 0.1 


The dotted lines are the actual curves and the asymptotic graph is in continuous/solid lines. 

Having determined the behaviour of the amplifier at low and high frequencies, due to 
Cy and Ce, it is possible to determine the frequency response due to the presence of both 
Cy and Cp. This is clarified in the next section. 


EXAMPLE 10.3 


The amplifier shown in Fig. 10.10 is biased at Ip = 1 mA, g,, = 1 mU. Find the value of Cz 
that places the corresponding pole at 10 Hz. What is the frequency of the transfer functions 
zero introduced by Cg? 


Solution: Cg, causes low frequency gain lower due to reactance of C; — high at low 
frequency 


1 
“* Cs (Impedance seen by Cy) 
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In IC's, which are invariably direct coupled (i.e. Ce is not there), the low frequency 
response extends upto @ = 0 ie. de and the bandwidth (BW) is simply fy. Therefore, only 
the high frequency limitations to amplifiers (for IC cases) response exist, at low frequencies 
IC do not pose any serious problem. 


10.8 PARAMETERS TO DETERMINE RESPONSE TO SQUARE 
WAVE SIGNALS 


In this section, we discuss the step response, rise time, tilt or sag in the response and 
suggest a methodology for determining the performance of an amplifier. These parameters 
are very important to judge the response of the amplifiers for square wave type input 
waveforms. Amplification of given square wave inputs are practically needed in a large 
number of practical situations. 


10.8.1 Step Response of an Amplifier 


An alternative criteria of amplifier's fidelity is the response of the amplifier to a particular 
waveform preferably a step voltage. Once the step input response is known then the response 
to any arbitrary waveform can be written in terms of step response (by superposition/ 
convolution integral). Moreover, the step response easily high-lights even small distortions 
clearly. Also, square-wave generators and step (pulse) generators are commercially readily 
available, this enables us ready signal required for determining the performance of the 
amplifier. Note that the voltage gain for an amplifier, represented by a single pole is of the 
form (see Fig. 10.5) 


ay Aveo 
Ay(s) = ieaey (From 10.23) 


For input step of V;,(e), 
Vols) = Vigla) x Ayes) = (Recollect: Yis) = Xs) . Al(s)) 
h | 2 Aan 
ere = AO) = Aw 
Vin |ywo 


| at w= 0 or at? =o 


AyoVin 


An amplifier with transfer function A,jds) having a single pole (and no zero except at s 
= es) has the output waveform for the step input as shown in Fig. 10.14. Let us consider 


Step input: Vj,(f) = Au(t) = At (Laplace transform) 
Fs 


System with His) = B. are (a low pass filter as given by Ayyis)) 
8 


Output, Vigl#} = Viele) . Als) 


AB AB} 1 1 
Vour(®) Fil 


1 
.- 
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Volt) = Ky(l — e*) wilt) (10.29) 
where K, is a constant equalling AB/k here. 
Thus, the output is of the form shown in (Ve VinlAyy 


Fig. 10.14. i: 
There continues to be an intimate 
relationship between the distortion of the = 


leading edge of the step and the high- 
frequency response. Similarly, there is a 
close relationship between the fow- 
frequency response and the distortion of 
the flat portion of the step. Since an input 


step is a combination of the most abrupt 0.1 

voltage possible (the leading edge) and 0.0 

the slowest possible voltage variation (the 

flat portion), thus the step response is 

an excellent measure of fidelity of the Fig. 10.14 Numerical step response of the 
amplifier. Note that the sharp rise of the circuit of Fig. 10.5. 


unit step function w(t) at ¢ = 0 amounts 

to inclusion of all frequencies 0 to = (theoretically, by Fourier transform). Similarly, the u(t) 
has a constant value equalling unity for ¢ > 0. This part of u(t) represents DC. Hence u(t) 
contains all the frequencies which any practical signal can have. 


10.8.2 Rise Time 
Let the input Vj,(¢t) = u(t), ie., 


V.,(8) = : (by Laplace transform) 
Let the Amplifier's system function be 


Als) = Apa) = __ Ave. (From 10.23) 
1+(s/ a, ) 


Ave 
Output Vols) = Vinis) - Avis) = Sy s/amy) 


or Volt) = Ayg(l-e“*" yu(t) (as in Eq. 10.29) 
where Gy = LCy (R,|| Rs) (From Eq. 10.25c) 
Ay = Gain atw@=0 (Le. for t = ~) 

Vs = voltage level of the input =1Vhere (say) 

#, = Time to reach 0.1 times the final output 

tg = Time to reach 0.9 times the final output 

l-e 20.1 or e209 or at, = 0.1 

and l-e 50.9 or e501 or myty = 2.3 
Thus, (tg — ty oy = 2.9 - 0.1 = 2.2 
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2.2 _ 0.35 


Rise time f, = —— = ——— 
thy 


(10.30) 


where we have defined the Rise time ¢t, as follows: (zee Fig. 10.15) 

Rise time ¢, = time for the output to reach from 0.1 to 0.9 times the final value. 

Thus, the rise time is inversely pro- 
portional to the upper 3-dB frequency 
(i.e. fz). Typical value for 1 MHz fy, 
t,=0.35 ps. 

For a single-pole circuit, f, = 0.35/f, 
is exact upto three significant figures. 
For a multiple circuit, the expression f, = 
O.35/f ia correct within 3 or 4%. 

A thumb rule: For a pulse width T,, 
we choose an amplifier with high fre- 
quency (3 dB) fy, given by 


1 
fu = T, (10.31a) 


Such an amplifier would give a fairly 


ce cuit an an acne level of pig 1035, ‘Tyicl rman of nw as cia 
For radars and sonars where the ae aan coe he eee 

leading edge is important, since it ees 

contains the range (distance) information of the echo, we choose amplifiers with even more 

broadband, such as 


2 

=— 10.31b 

fy T, ( ) 
This enables us to have 


i, = 0.175 =0.1757,, (instead of 0.357, as in the earlier case) 


(fy /2) 


10.8.3. Tilt or Sag 
Consider a high pass filter with Transfer function (TF) (see Fig. 10.8) 


His)= Ayo —_@4— (From Eq. (10.27a)) 
1+s/ a, 
1 
he =e Eg. (10.27b) 
where ay, (Re + Re (From Eq. { ) 
For input, 


¥. 
v(t) =Viult) -— (Laplace transform of v,(0)) 
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1 
= ———— = 10 rada/s 
= “= J00 x10 
with the input wave time period T = 0.4 x 10% s 
1 
and sete 
faa 
1 6 
= = 9.5 10 
o.4x10% 
From Eq. (10.35d), we have 
: 10 
Gage tilt p =7/t » 199 =% x100=——_?> x 100 =0 
f oF 2x2.5x10° 


The given amplifier would show no tilt (or almost zero tilt). 
From Eg. (10.30), 
Rise time ¢, wa 
ay 1010° 
Ags é, is comparable to T, the rising/leading edge of the input would be rounded. There 
is a need to decrease rise time ¢,. If T of the input pulse is 20 ps, however, then for this case, 
we have 


=0.22x10% 


Then f= = =60Hz 


10 
2x 50 
As t, = 0.22 x 10“ ig much smaller than T, the leading edge would not be distorted. 

The frequency chorocteristics are, in general, more useful since: 
1. Analysis/synthesis results in frequency domain are much more known. 


2. By knowing steady state response, the circuit behaviour can be qualitatively under- 
stood. 


*100=10% (visible on the oscilloscope) 


Here, Tilt P = «100 = 
2f 


3. Compensation against oscillations is accomplished in frequency domain, so the 
analysis in frequency domain indicates where the compensation is needed. 


4. In general, the requirements/specifications of an amplifier are defined in frequency 
domain. The commercial data also gives specifications in terms of frequency response. 


With the computers and a number of useful softwares available, it is also possible to 
perform more rigorous analysis of the given circuit/amplifier. Facilities available in PSPICE 
and MATLAB may also be gainfully exploited for determining the frequency response of the 
gadget/amplifier under test. 

In the following few sections, we determine the high frequency response of BJT and FET 
amplifiers in various configurations. It will be appropriate to discuss the common emitter 
configuration first. Note that we have preferred hybrid-a model. Here Aj, =r, and hy, = fp. 
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_ fxd -5Cy! tm) 


" L4ar,(C, +C,) 


Put r,(C, +C,)=— 
Wy 


_ 1-s/ ag 
As) = fy l+s/ay (10.408) 
ty = 2m (10.40b) 
Cy 
a aceon (10.406) 
*r{C, +C,) 
By = Emls (10.40d) 


@®y is called the zero frequency. If s = o, then f(s) = 0. Thus, the generic current gain, /(s) 
is a function of frequencies. 
Note: We can find a, = g,,/C, directly from Fig. 10.18. If f(s) = 0 then J, = 0 and 


I, = EnVs 
1.6.5 sC V5 = EnV. 
_ Em 
Ly 8 C, 


Thus, ats = g,/C,, fis)= 0, ie, s=g,/C,, = a gives a zero of Als). 


10.9.1 The Parameter fy (Terminal Frequency) 


We define a frequency fy; such that the short circuit current gain | §(2a/,)| is unity. The 
asymptotic characteristics in Bode's graph give highly accurate result for the unity gain 
frequency fy because of the wide separation of my and a, in general. (Note that at s = ay, 
Als) = 0 and at s = ja = ay, the short circuit current gain |§(jm)| has a value equalling 
fyi V2). 


In general, for the amplifier to have gain > 1, the frequency @ must be much less than 
wp. If a << oy, wy then the equation 


fis) = fil=aley) (Eq. (10.40a)] 


1+s/ a, 


reduces to Als) =~ —/2__ iif w<< @ or w@ << ae) (10.41) 
1+s8/ ary 
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The assumption s/w, << 1 implies |s| << a, 


ie. gcc Em : @y =2™, from Eq. (10.40b) 
Cy C, 
Bm >> aC, 
or BmV, >> sC,V5 
or EnV, >>], Ce sC,V, = 1, see Fig. 10.18) 


If I, << gmV_, the asymptotic Bode diagram for the Eq. (10.40a) is identical to that of 
Eq. (10.41). Thus, to find fy, at which the CE short circuit current gain has unit magnitude, 
Eg. (10.41) can be used. We calculate @, (= 2nf7) as follows: 


Als) 
If Aywy) is unity then we have 


bey int 
+ (ay | ag? 


1 +3/ ty 


or 1 + (apa? = 
itp = Potts for By >> 1 (as is usual) 
Hence hp = fyattg (10.42) 


or fr = Abfs 
where fp is de gain and /, is 3 dB bandwidth 


1 
“8”, +C,) 


Now, 


ee a = 
fe ter kC,+C,) axtC,+0,)  '* Pets 8a) 


Unit gain frequency: ay = ag fr = @y / 2x (10.43a) 
i “i 


For C, << C, @ ao (10.43b) 


x 


Thus, the parameter ow, (and, therefore, f;) in BJT depends on the operating conditions 


I 
of the device since g,, = a . Typically, fp varies with quiescent collector current as shown 
T 


in Fig. 10.19. However, for higher currents Ig, the terminal frequency fy decreases. 
It may be seen that (0) = & from Eq. (10.41) and also | A(jay)| = fol 2, ie., the low 
frequency 3 dB bandwidth, is 0 to wm, radians, or fg = 3 dB Bandwidth in Hz. 
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or 


or 


Given 6(0) = & = 160 

Assuming @z >> ay, which is usually valid, we can write 
B? 

ee ol: 

1+ alan 


a _ 
1 +(29 x 50 «10° fay 


| Aja) P = 


(ar 


( at a = 22 = 50 x 10°, gain = 8, given) 


, 1007x107 x? _ 160° _ 


1 
of 64 


400 


On x 50x 10" = [400 -1 = 19.9749 
f 


_ on x 50x 10° 


m = (29 x 2.5)x 105 
“:-—a0u0 " “***4) 


a 
fe== = 25 MHz Ans. 


fr = Bofp = 160 = 2.5 = 400 MHz Ans. 
Determination of @, by Bode diagram is also possible as shown in Fig. 10.20. 


ifl4dB A, = 160 = 44 dB 
f=8=184B 


ty 
At iat ST 
m= 2a 5D; 18 dB 
w= 2a 100: 12 dB 
w= dex 200: 6d 
a= 20x 400; odB 


Fig. 10.20 Bode diagram, used to compute wr for Ex. 10.4 
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Theorem: The number of poles in oa transfer function is equal to the number of indepen- 
dent energy-storing elements in the network. 

In electronic amplifiers, the storing elements are almost exclusively capacitors, An in- 
dependent capacitor is one to which we can assign an arbitrary voltage, independent of all 
other capacitor voltages. Note that: 


di) 


(ii) 


(ani) 


If a function A(s) is such that A(s)| = 


two capacitors in parallel (see Fig, 10,21) 
are not independent, as the voltage across . ] + 
the first capacitor C, must be the same as re, Va==C, 


that across the second capacitor Cy, i.e., Vie, & = r 
= Vex = VF. In fact, C; parallel to Cy = C; + : = 


C, (only one capacitor). er ; 
ee ; r Fig. 10.21 Capacitors in parallel. 
two capacitors in series (see Fig. 10.22) are C, and Cs are not inde- 


not independent because the charge @ stored ri 
: : : pendent. 
is the same in each capacitor. 


(- for two expucitore in series {= St = OL es @=@2] 


dt at 
In fact C, series Cy = Gy . Le., only one capacitor. 
(C, +) 


If a network loop can be traversed by passing only through capacitors (see Fig. 10.23) 
then not all of these capacitors are independent, because the sum of the voltages 
around the closed path must be zero. In Fig. 10.23, the effect of three capacitors will 
be that of the capacitors which contribute to poles and zeros. 


a> om, then A(s) has n-m zeros at 3 = 29, 


lide 


ie., A(s) has (n — m) zeros which are not finite. The voltage across a capacitor is zero at 3 


a E . 
aC 


Goats re). 


: a, a 


Fig. 10.22 Capacitors in series are not Fig. 10.23 Three capacitors in a mesh 


- . dQ, d are not all independent 
sei icone he >. * Vea = “Vey + Veg) here. 


Hidden page 


Chapter 10 Frequency Response of Amplifiers * 461 


if p, is the dominant pole 


(ie. recursive form) (10.51) 


The importance of Eq. (10.51) is that we can easily approximate the pole locations by 
knowing the coefficients a; in A;j{s). Moreover, the dominant, pole approximation gives the 
3 dB frequency fj; as: 


(10.52) 


Equation (10.51), 1e., p, = a,_;/a,, applies to any transfer function of a real poles. In 
practice, we are interested only in p,(= l/a,) and p.{= a,/ay). The pole p, determines the 
approximate values of fy (as fy = p,/2a) and the separation between p, and ps indicates the 
degree to which the dominant-pole approximation is valid. 

If, for example, py/p,** 2 8, the dominant-pole approximation yields fy within 10% and 
Pp, within 20% of their actual values. Note that the dominant-pole approximation always 
results the values of fy and p, that are less than the actual values. 

By using ‘constant-time response’ method, the coefficients a, can be determined, which 
in turn permit the circuit designer to correlate the overall response with the particular 
components (stages) which produce the response. 


**guppose p, = 1 and py = 8p, = 8. Then if we use only p, (and ignore ps), 
1 1 
da *5*5 ate =p), Le. Ay, =1//2 
Taking both poles gives us, for « = p; 


1 
(1+1¥1+(1/8") 


Hence error = 1/2 - 0.7016 _ 0.08, ie., 8% only. 


1/2 


ia 
Ara=| } 02016 
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Fig. 10.24 The high-frequency circuit of the basic CE stage with load R,. The 
hybrid-« model has been used (game as Fig. 10.18) with typical values 
shown in brackets. 


Rewriting 


ve gttesc, $30 1 |-#0,¥o= 


(10.53) 
Rs Vr Rs 


Velgm -8C,)+V¥o Fs ri 0, | =0 (10.54) 
Ry 
To eliminate V,, from Eqs. (10.53) and (10.54) 
From Eq. (10.54), 


= rie 
Using this value of V, in Eq. (10.53); we get 


Em ~ Cy Rg re 


— et 


Vo Jigs ale 
[z+, \(z + a +30,)- sC Vo Rs 


=1/R° 


v 
_y al(z+90 \ ze +sC, +26} 0C4l8m ~*Cy)| (bn 10) 


or as Ba | Sos ef eee 4h sytem} +210, (C, +€,)- -<3] = f “| 
Vs Em R, R : 


&m R,Ry 


Vs Ent, Re Bm 

Cy 

=}1-—— (10,54) 
Em 


_Yo|_ Fs + Rs 5 [Be +C,)+ RC, + RR Crem +3 op, 
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F1+g,,R,)C, = 0.26 x 103 x $1 x 0.5 x 107? = 4.03 x 10° 


R,C, = 0.6 x 103 x 0.5 x 10" = 0.3 x 10° 


a, = RIC, + Rl +¢,R,C, + RC, 
= (5.086 + 4.03 + 0.3) x 10° = 9.416 = 10° seconds 
a, = R°R,C,C, 
= 0.26 x 10 = 0.6 x 10° x 19.5 x 10°? x 0.5 x 10°? 
= 1,621 x 10-14 97, 
If we approximate by dominant pole method then 
(1-107'5) 


Aye (gs) = 
id 14+(9.416 x 107 js + (1.521 x 107! jg? 


+ - 10, a, = 9.416 x 10°, ay = 1.521 x 1078, and we get 
fly) 
1 0° “ 
— = = 10.6 = 10° rad/s 
Ana, DAIG 
-9 
py x t= SAIGX10  _ ¢.19% 10° radia 
a, 1621x10°" 
4 
Separation A ee =58.4 (which is greater than 8) 


P, (10.6«10") 
Therefore, the dominant-pole approximation would hold well. The zero, 2, = a =109" 


rad/s and is even farther than ps. Thus, the dominant pole is p, and the overall BW = fy, = £. 


7 
_ 10.6%10' _16.87%10° Hz = 16.9 MHz. 


It may be mentioned that the determination of the poles in the denominator of Aysyls) 
by solving the quadratic equation in the denominator in (10.55) gives p, = 10.7 x 10", po = 
6.06 x 10° rad/s and fy is calculated from the T.F. Eq. (10.55) gives fy, = 17.1 MHz. These 
results demonstrate the validity of the dominant-pole method. 

The dominant-pole method, in general, is very simple to adopt though there is an error 
of about 10%, Even the discrete components (R and C) used in the circuit have a tolerance 
of 10%. Hence an error of +10% is acceptable in practice. 
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V = IR, + U + g,,V A, 
= IR, + IR, + g,lfhy Ry, Cy vu, = FR,) 
= J[R, + (1 + g,,.t))R;) 


Ri “Tek, +(1+ ¢,,f0, JR, = Ry, +(1+ g,,Ft, WR, 
Ry = (1+ gq ft, Ry + Ry (10,58) 


= RY +R, + gm RR, 


The results of Equations (10.57) and (10.58) will prove very handy in analysis. 
Notation: R° (or R°.) means impedance seen by capacitor C, by open circuiting all other 
capacitors in the circuit. 

Also, R? means impedance seen by C, with capacitance C, short circuited, and the 
remaining capacitors (i.e. other than C,, C,) open circuited. 


i EXAMPLE 10.6 


(a) Determine the high-frequency output impedance 4,(s) of a common-emitter stage. Assume 
ro 2 , but use the hybrid « model, (b) Repeat (a) for ry < ©. 
Solution: (a) Assuming r, 3 =, 


Ry = Fe||ro = Re 


Zy 25 
Fig. 10.28 The high-frequency, hybrid «model of a CE stage (see also Fig. 10.24), Ex. 10.6, 


Substituting Ry, = Re in Eq. (10.55), we get 
Vo [-fpFtc (Rg +r, (1 -sC,/g,) 
Avy (s)=—= .. A a. Le kn Ce a, aoe 
Ve l+s [RIC, +Rii1l+g_R- tC, + FC, ] +38 RACAL, 


where R° = Rs ||r, = sty 
Ry +F 


r 


(i) 
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We find Isc by shorting XX" as shown in Fig. 10.28, then Z,' = or 
aC 


If we short XX" then 
Isc = mV, + 8C,V, (ii) 
KCL at Node A gives us 


V.= s (iii) 
" [l+e(C, +C, Re] 


Aen - 3C,)xVgRe 


From Egg. (ii) and (iii),, lee = 
i SC [Re (1+ 0(C, +C, RD) 
¥, = o 
foe el “ Bram _ Rs tefm Po (iv) 
(Rg +r, IL +sRi(C, +C,) R, Re(Rg tr.) (Re +r) 


Dividing Eq. (i) by Eq. (iv) 
“fica ~ sC,,/ 8 MICRg ‘eu +9(ROC, + R1+g,RoX, +ReC,) 
z= Vig _ +s"RIC.C,| 
Isc PRA 8C Fag) AR, SQL SREC, +E) 
- Rell + sRAUC, +C,)] 
~1+s(R5C, + 0. +2,Re IC, +ReC,) + s°C,C, RR, 


Denominator of Eq. (v) = RelsC,(1+ g,,Ry + sRyC, 1+1+sRiiC, +€,) 
Equation (v) can be put in the form: 


(v) 


Z,'= Rell +aRXC, +C,N/lsC,(1 + g,,Ro + aRIC, }) 
Re +(1+ sR(C,, +C, Nis, (1 +g, +aR°C,)] 
_ eo 
Re + 2g 
_ 1 +sR(C, +C,) 
° sC,(1 + gg Ry + 8RzCy) 
(b) When ro < ~ then Ae is parallel with rp. Therefore, we change 


Re to Ry = Re||ro 
Then Zo = Ry \|Zo = Re|lrollZo 


where Ang. 
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Zo) here is ro|| (Zo of part (a) 


14+sRc C 
ini) 


sC,(1+g,,Ry +8R,C,) — 


10.13 COMMON EMITTER CONFIGURATION, ALTERNATE 
ANALYSIS APPROACH (The Unilateral Hybrid-< Equivalent 
for CE) 


In the CE stages, the poles p, and ps are usually widely separated. We, therefore, use a 
single dominant-pole as a good approximation of the frequency response, 1.c., 


= 
Ayyls) l+sfp, 
a Ayg 


lt+as 148A2ef,) eer 
By using Miller's theorem, we redraw the circuit in Fig. 10.24 as shown in Fig. 10.29. 


- 
see 


- 
ner 


Fig. 10.29 The unilateral hybrid equivalent circuit obtained by the use of Miller theorem. 
(Fig. 10.24 redrawn by using Miller's theorem) 


Let K = we =- gh, 
C, =C,0-K)=C,0. + galt) 
1 
C, =C, 1 : z) =C,(1+ eR, )/eeRy 
and 


Cy =, +C,=C, +C, 0 +g,,R,) 


(10,59) 
Figure 10.29 has two independent time constanis. One is associated with Cy. Resistance 
seen by Cy is Agll|r, ARE. 


as 


The time constant C,R° = RC, +C,(1+¢,,F,)1 
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1 
Em “95°40 mi (Taking Vy = 25 mV) 


and po fg 195 ks 
em 40 
(To find CJ 
As pie ds 
eas f= 5 ay = rte) 
1 # 
-1 _&m__ [gee Eq. (10.48 
Qn (C, +C,) ee 
C,(0.5 pF) 


Fig. 10.30 The given equivalent circuit for Ex. 10.7. 


40x10" 
H 2 = 
ere fr = 300 = 10° = inC, +C,) 
_ 40.10%? | =a 
Cc, +C, = x 300 21.2x10°™ F 
or C, = 21.2 - 0.5 = 20.7 pF 
Also Ayg = Rtr 
— 125 x12 | =-43.79 Ans. 
0.3 x 3.125 
ie., midband gain is —43.79 
V, (-4)8, AR, +r, l-sC,/z,,] 
As al EAE A tH Ml= 00 2htal [from Eq. (10.55)] 
V, 1+a,3 + a8 
where a, = R°C, + RIC, 


= RIC, +(R2+R,(1+¢,R01C, 
and R, =R, llr. 
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RE = Rg ||" =e (from Eq. (10.56)) 

Also fa ore (from Eq. (10.60) 
Qn CyR® 

where Cy = C, + (1 + gC, (from Eq. (10.59a)) 


fy MHZ) 


\ Ayol ia (almost constant here) 


“w=——0.. #¢ = 0 (ideal signal source) 


Tm mee sate 50.0 


Tes 1000 200 0 
_— 
é 0.5 1.0 1.5 20 =F, (a) 


Fig. 10.31 Variation of bandwidth f;; as a function of R, for different values of source resistance 
Rg. Typical curves for a single-stage CE amplifier are drawn. Equation (10.60) is 
used to compute fy using the numerical values given in Fig. 10.29. 


Note that we had caleulated the value of ay = in Eq. (10.60). 


1 
(Rg || Ry 
Here, A; =r, hence Rg||Rj = Rs| |r, = Ro. Also, Cy is shown in Fig. 10.29 and 
Cy = Cy + C, where C, = (1 + 2, RC, 
Using these values, we can write 


-|R | 1  +Ks 
| Avo «fa | [ AA) erate Rs 


-—__ Bm se _ 
2m(C, +(L+ gel, Cy) Rs 2aCy Rs (v Cyt (1 ponies = 
r,= 


_ 8m /l2aCx+C,)) mn 
1+ EmitpC, Rg 
Cr+, 


From Eqn. (10.43), ipa 


—__&m 
2niC, +C,) 
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However, in Fig. 10.32, the three capacitors C,,, C,, and Cy, are not independent as these 


form a loop. Thus, in the transter function, Ayyis) = = in Fig. 10.32 we expect two poles 
5 

and two zeros (one finite zero and one non-finite zero). 

[To find Ays(s) for the circuit in Fig. 10.32] 

By using model analysis, we obtain 


At node G: Von[ ot Cp #80) - FE ~ 50 ,6¥9=0 
octet: ope ae (10.62) 
ge | Rs ee ge ae Rs _ 
At node D: Vig SC pg + Bm) + Vy (4 +8C 4 + 1C,, |=0 (10.63) 
Tle 
where Riz | ra(llRo 
From (10.63), 


L 
Em — aC og 
Putting the value of V,, in Eq. (10.62), we get 


1 a 
Val +8Coy +s} 
¥. pa : 


1 
Vol je +8 +8Cu 1 V 
-—  ac + gu) = 8CeiVo = He 


E, BC ad a R, 
-V, (¢ + aC og +a 2 +a8C,, + iC p1)} + =8C oa eC 
¥ 
=m ~ 8C ya) 
1 
- -% RR, +8{(C +Cog ra +(C,4 +Cy,) R HFC 
, +5" tic,, see +Cy,)-C2, 
1 c 
= | ] = —ge 
oa { "En 


mi a [1 + sl(Cy, + Coal, + (Cyt + Cais, + SmCyalt Ry) 


+ (CC + CoCa + CoCalR Fz] 
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Blt 

= 1-sC,,/ 10.638 
RR, ( gd! Bm) ( ) 
Now coeff. of s = C,,.R, + Cy,Ry + Craft, + Coal, + galt pR Cpa 
= Cm + (C1 + Bais + Ry Cua + ReCae 

Vo 1+(K,C,, + \(1+ gait, Ws + Ry C,, + Ry Cy, bs 
V, + (CoCo + CoC + Cod Cig RRs" 


(10.634) gives 


= -Smlty(1 — sCyalgm) 


Aver(a) = —2 ~_ Ayoll = 8Cpg/ Bm) (10.64a) 
eal V, 1+a,5 + a,8" 


where Avy = Belt (10.64b) 
a, = K,C,, + (1+ ¢,,Ft, WR, + Rye yg + Rp Cy, (10.64¢) 


iy = RR; [CnC rg + CO as + Cal ga! (10.64d) 


Note that a, comprises the sum of time constants viz. R,C,,, ((1+g,A,)R, + AyJC,y and 
R,C,,, and these are equal to the zero-frequency resistance (with capacitors open-circuited) 
seen at each capacitor terminal. For example, 

R,C,, = Time constant as seen by C,, with C,z, Cy, open circuited 

R,Cy, = Time constant as seen by Cy, with C,,, C,q open circuited 

Since (1 + g,,/t,)R, + R, is the impedance seen by C,, with C,, and Cy, both open 
cireuited [see Section 10.12, Eq. (10.58)], hence [(1 + g,,,)R, + #,)C,, is the time constant 
as seen by C,, with C,, and Cy, open circuited. , 

For typical parameters values shown in Fig. 10.33, we have 

a, = AC, + (1 + gph, + Ry)Cyg + RypCy, 
=0.38«3 + (1 +2 16) + 16) *14+16* 15 


(. R, = 80k || 20 kA = > 


=I6ED 
- 20 


= 0.9 + (33 + 16) + 24 = 73.9 ns 
Oy = RRilCa Cog + Cotas + CasCorl 
= 0.3 x 16/48 x 1+1* 15+ 15 x 3] 
= 4,8(3 + 1.5 + 4.5) = 43.2 (nsF 
Also, from Eq. (10.51) 


1 1 
= = =—_ x 10" = 13.53 x 10° rad/ 
an 8 ean ram 


Hidden page 


Hidden page 


Hidden page 


Mls soz, enzo) (ze )ee | (ez, 


= V; 1 1 1 1 1 1) 1 
Fil teeo)len +z) +(e +90)(ae) zl (em tz) ae Om 


1 
+ 
As En += Bn +9 = By + le 
r * 50. x 
— Bale t+l+sCyr, _ (1+ Ay) +5C,r, 
7 5 * Bala = Be) 
_1+sC,r N+ fy) _ (1+ A +sC.7r, M1 + All 
r_ Kl + fy) Tr. 
= ——_i__ 
Therefore, Eq. (10.70a) reduces to, using 2, (+sC,r,)’ 
Yo (2 +50, |+Arseee), facae +p Eten 
Veg | Rs re Reg Re Ry Fa 
_ (+ Ap il + sC ry AL + fy) 
rts 
Vp [(1+H 1 1 C, + AX, Cy &) 
( Ry, "RsRe gic) ig E "Re +ee, es) 
_ (1+ All + sC,r, AL + fp) 
rights 
ss |" Re t+r+Rs 8 [Retails , + Ags + Fes) 
Vs rltgRy rls hp 


Reece | (1+ AL +sC,r, M1 + Ay 
ReRgr, Fglts 


Dividing both sides by % “ 7 Rp . we get 
Vols. o( eRe + Rey, Balt ++ AReIC, 
"7 Rs +r, +0+A)Re Rg tr, +(1+ 4) Re 


og? __FePsreleCy |- (1+ Ay )Re Lt sry N+ By) 


Ry +r, +(1+Ay\Re | Rg trp +(1+ By Re 1 
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_ (40.95 + 45.75) x 10 
153.1x 10° 


Rgkgr,C,C, 
[Rs +r, +(1 + fp )Rg] 


and a, = 


_ (1.5 « 0.6 x1 x 19.5 x 0.5)10? x 10 


153.1« 10° 
qa 7-15 
= eA ee ti = 0.0573 x 107 s* 
153.110" 
Zero frequency Z, = Sm 
C, 
= ae = 5.128 x 10° rad/s 
19.5 x10 
Approximate dominant-pole angular frequency is given by Eq. (10.51). 
Pi™ 
=t.—_! __ 1.766 x10” rad/s 
a, (0.56610) 
= OH 
fg On 
1.766 x 10° 
= 261.19 MHz 
(2m) 
= %. 
Also ae 
-3 
= oe 9.8778 x 10° rad/s 
0.0573 x 10°! 
d = —4. = 1672 GHz 
Tr fa = Ton) 


5 Pz _ 9.8778 x 10° 
P, 1.766x10° 
give particularly accurate results. (Note this point) 


The rati =6.59<8, hence the dominant-pole approximation does not 


The exact solution for poles yields as follows: 
1 + ays + ags* = 0 
or 1 + 0.566 x 10° s + 0.0573 = 10°" s*§ = 0 
or s? + 9.8778 5 + 17.45 =0 


_ 9.8778 + (9.8778) - 4% 17.45 _ -9,.8778 + 5.269 
2 2 
=—-7.57 x 10°, -2.90 = 10° rads/s 
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i.e., Pi = 2.3 x 10°, py = 7.57 x 10° 
i= ob 
_2.3%10° =306 MHz 
(2x) 
acl f, = £2 =1.204 GHZ 
a a 


We note here that fy = 366 MHz, (-- 3 dB BW is nearly equal to pole p, frequency), zero 
frequency Z,/2e = 816 MHz are of high order and “are the order of magnitude of f7" we had 
for CE stage, fz = 16.9 MHz (Section 10.11) and here for the CC stage, jf; is nearly 281.2 MHz. 
Thus, the C-C (Emitter follower) stage has considerably larger bandwidth than does the CE 
stage. 
If we have a CE stage with Re = 1.5 kf, driven from a source with Ry = 0.6 kil and 
the same parameters of transistor as in the above example, we would get fy for CE stage 
as 4.37 MHz. In cascaded CE-CC or CC-CE, the overall fy is the ‘fy’ that of the CE stage. 


10.16.1 Derivation of Ay;(s) by Time Constant Method for the 
Emitter Follower Circuit (Short Cut) 


We can also derive Eqs. (10.71) to (10.73) by an alternative method. The circuit in Fig. 10.36 
has two capacitors hence two poles and two zeros. We know that for an emitter follower 
Ay) = DC gain 


-__+AyiRe (10.74) 
R, +r, +(1+ fhe 


Fig. 10.36 The emitter follower circuit at high frequency. 


Let Ayu (s) = Ayp ao (10.75) 


Zeros of Ayish One zero occurs when no current flows in Rg. Then V, = V, Current from 
B to E side through (C,||r,) is: 
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ae (1+sC,r,)} 


F le 
If Ayy = 0 then 
1l+aC 
Vi us =— Vem 
Fg 
(current from & to E is -g,,V, and no current in Fe) 
Ag V.= V, and r,. g,, = 4, above equation gives us 
1 + eC, = -A, 
Thus, ies (1+ A,) 
CT, 


[1 +See.) is a factor of numerator Nis) of Eq. (10.75). Second zero of Ay;8) occurs at 


s — « as then C, gives shorting effect hence V, cannot reach Vp. Thus, Nis) is of degree 1 
and D(s) of degree 2 in Ayy(s) of Eq. (10.75). 


[To find a,] 
a, = Ri,C, + RCo 
R= Re 1+ A) Bale 
Impedance Ro is seen by C, (i.e., by C,) with C, (ie., C,) open circuited. For an emitter 
follower, we know that the input impedance is A, equalling r,+ (1 + 4&)R¢. Therefore, Rp, 
is equal to Ag parallel with A, as may be seen in Fig. 10.37. 


C, open circuited 


Rui R=r, + (1+ AR, 


Fig. 10.37 To find R?, (impedance seen by C, (ie. by C,)), open circuit capacitor 
Cy (which is C, here). 
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Ri, is the impedance seen by C, (ie., by CQ with C, open circuited, as shown in 
Fig. 10.38. 


C, open circuited 
Fig. 10.38 To find R2, (impedance seen by C, with C, open circuited). 


Rr = r,||impedance seen by ViJ 
Apply a test voltage V and find current I. 


As V = IRs + (I - g_V)Rz 
cf V1 + gmitz) = Rs + Rg) 
a g + Ky 
I l+g,dte 
po, =eRe+RpX1+ aap) __te(Ry + Ry) _ 
oe + fig) r,+Rz +(1+ A Re 
- 1l+g,/t¢ 


Rglr, +(1+ AR iC, FA Fig +F ye 
pee he ee et Ld gee Fig. (10.72 
" Rg +r, +(1+ AR “=. +r, +(1+ SR, , * : 


[To find a3] 
ay = (Fy,C XRECy) 


Fr. 


But 1 = =——atg__ 
Raz Fa |p 0 Fy + (1+ Aik, 


_ Rslr, + fl + ARs lC, F, 


. = Rg +r, +(1+ AlRg I(r, +(1+ A lRg] 
2 Ror, RgC,C, 
Rs +r, +(1+ A) Rg 
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a + Ae + lar Al + Ball 
Hence Ayy(s) Te ry ere (see Eq. (10.71)) 
The values of a, a, and Ay,ls) obtained here are the same as we derived in section 16.1. 
Thus, in many circuits it is easy to derive the voltage gain transfer function by using 
time constant method. 
10.16.2 The Output Impedance Z, of the Emitter Follower 


We use the Thevenin’s equivalent to find first 2,', where 
zy’ = Vo = Vive 


By using the value of Ayyis) from Eq. (10.71), we have 


D (l+ B)(l+sC oAl+ Ve 
[Rs +r, +(1+ Sg Rg (1+ ays + agsiReg |p 5 


Vell + § [1 +sC lr, 1 + Ay) 
(Rg +r, M1 +a, +098") 


ig =O 


~ 
lag =o = Rg +r, +(1+ AylRe 
_ =0 
—TettsC, + RgrCy _ RarlC, +C,) 
: Rg +i, % Rg +l, 
R, Rgr,C,C 


eel ee 


ao |p, 0 ~ Rg +r, ++ A Re a 


Rg=0 
(1+ Al +sCyr, (1 + AV, 
le = 
SC “(Re +1, +sRgr,(C, +C, )MRg +1) fend 


Hence 


__ + Ay Rell + sC,r, A + Ay IV, (14 4, 1+ sC lr, (1+ 4, )1Ve 
Y  IRg +r, +1 + A Rell + 0,8 +0,87)/ (Re +7, M1 +sRgr iC, +C, Rg +r, J 


Rg( Rs +r )1 + sr,Rs(C, +C, Rs + ry) 


Soe ee 
[Rg +r, +(1+ By Rell + 0,8 + 2487] 


_ Re l(Rg +1, )A1+ Ay Il + 7gRe(C, +C, MR +1, )) 


[Re +(R; + ty ML + By [1 + ays + a8”) (10.77) 
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As ay __RgllR, + rg 1+ fyi] 1+ 87Rs(C, +Cy Rs +F,) (10,78) 
Re +((R, +r f+ AB 1+ays + a5" 


Note that Zp = Za Ine +0 


, _ RglR, +r 1+ A) 1+srRs(C, +C, ARs +1) | 
O Re + (CR, +741 4+ Al 1+ ays + as" 


_ relRy + Bg Wy + RsCylry + (1+ Ay Re 
1 [ay om = Rg +r, +(1+ & Rp 


_ tle + RC, (1 + Ay) _ Toe 
1+ A, 14+ 


_ gs C,C, 
Onl» "R47, +t ARs 


Zo' = Zo || Re 


ipo 


Ago 

+ KC, 

Ream (1 + fy) 

z, (Rs +r) + Ay) 1+sr, reRs\C. +C pe +r.) 

aa 1 aaa gh, Cgc 
of 


“s+ ReC,} + vo TeieCehe 
+ Ay 
_ Kg +r, +r l+aer, RelC, + pis + Fey 
“a ash) (l+serC, A+ Ay) +R Cy) 
taal hacia 
bl! py ‘Alin 


(10.79) 


Let 2 [. o= Ro (output impedance at DC) 
=R, +s) (10,80a) 
(1+s/p,X14+s/ py) 


_ bs +0) (10.80b) 
— 77 (1+ 4) 


= (10.80) 
" FC, 


(10.80d) 


1 
Pe RsCy 


(Re +r) 


7." R(C, + C,)) 


(10.808) 
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For the values indicated in Fig. 10.35 (redrawn here as Fig. 10.39), we get 


Zi fac Z, zy 
Fig. 10.39 The high frequency equivalent circuit of the emitter follower. The capacitor C; 
forms part of the load fed by the emitter follower stage. 


~ (Rg +t) eer m 
Z; ir, Rs (C, +C,)) (the frequency for Ayj(s) = 0) (from Eq. (10,806) 


. (0.6 +1.0n0" 
(1 = 0.6)10°(19.5 + 0.5)x10°™" 


a 
ig OY LS I rad/s 
20 = 0.610 12 


Now, p= the) from Eq. (10.80¢)) 
AC, 
7 (1+100) 
(1x 10°) = (19.5 x 1077) 
= 51.79 x 108 rad/s 
From Eq. (10.80d), we get 


= 5.179 x 10° rad/s 


1 
h= > 
ReC r 
a 
(0.6 x 10° (0.5 x 10") 

It is customary to name the poles p; such that p,; < py < py... We may therefore, rename 
Py, Pe a8 Pp, = 3.33 = 10° rad/s, py = 5.179 = 10° radia. 

Figure 10.40 shows log | 2Z)(ja4| versus log a | Z)(ja)| increases in 2) = @< p;, Le., acts 
as inductive. When an emitter follower feeds a capacitive load, say, C,, the circuit behaves 
a8 a resonant circuit since 2) is inductive and is parallel with capacitive load C;,. 


= 3.33 = 10° = 33.3 «10° rad/s 


log | ZI 
396 }------ fw eeenn-85 


C} 


15.8 


Se Lm 


OL 


1.33% 10° : 
(2) &33ax10 &.17x 10 
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aw rad/s 
(log ai) 


Fig. 10.40 Bode's approximation of magnitude of the output impedance Z, of the 
emitter follower in Fig. 10.39. From B to C, 2, is inductive, If load is 
capacitive, then the frequency range B to C causes RINGING due to 


resonance, 


In systems excited by pulses such as the ECL family, high-speed logic, the load capaci- 
tance can cause excessive fiaging on the output waveform. We usually provide sufficient 


damping to minimise the ringing. 


10.16.38 The Input Impedance Z; of the Emitter Follower 


We now aim at determining the input impedance of the emitter follower, which is known to 


be fairly high. 


The given circuit is shown in Fig. 10.41a. If we convert the controlled current source 
£,¥, to an equivalent voltage source, we can redraw the circuit as in Fig. 10.41b as far as 
#; and Zp¢ are concerned. We have assumed C, = 0 and 2, = r,||C,. 


Ve 


ae ee 
(To find Zy--] 
Apply a test current Iy between AX” 
Vex: = Iyde + [pe + gelteV 
Put V, = lyé, 
Veg = LylRg + Zf{1 + gy Pe) 


»_ _ Vix’ 
Thus, ac = Ty =R, +Z,(1+g,,Rg) 
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Zi Zi. Zo o 


Fig. 10.4la The high frequency equivalent circuit of the emitter follower. C,, is part of the 
load, connected across Ry. 


x Zar 


Fig. 10.41b Figure 10.41a redrawn for 2; and #»,- only (converting current source 
ZV, into a voltage source g,,V,A,) 


=R , ell +Emitg) rill+g ite) + Ry(l+sC,r,) 
i l+sC yr, 1+s8C yr. 


— it Rgll+ §))+eC,r Rep 


isice (Tim = Be) 
= [r, +Re(l + Ay! +aCig 
Sige 7 1+sC,r, 
Ll+sC ig 
a 1 Sn 
PRs 1+sC,r, 


Assuming r, << Rell + §) and &, >> 1 
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1 2 & 10 2) 80 100 200 500 1000 o 
rad/s = 10 
Fig. 10.42 Asymptotic Bode diagram for the input impedance Zs) of the Emitter 
Follower Fig. 10.36. Pole and zero frequencies obtained by the use of 
dominant-pole approximation. 


1 1 1 1 


Apa 1 Bm) Utg@y) 
mn ees Oe 


10.17 THE SOURCE FOLLOWER (Frequency Response) 


A source follower is analogous to the emitter follower (in BJT) and is an important circuit. 
The source follower model at high frequencies is shown in Fig. 10.43. This circuit is similar 
to the emitter follower circuit. If we let r, +, C, + Cyg, Cy C,, and Ry, = Rg - ry\| Rg, 
we can deduce the results for source follower from those of the emitter follower. 


c poet nee, 


nll 


Fig. 10.43 The high frequency equivalent circuit of the Source Follower. 


Only the capacitance Cy, cannot be identified in Fig. 10.43 and its effect on the coeffi- 
cients a, and a) must be included. We can show that (see Example 10.10) 
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Solution: Here 
a, = Time constants due to C,,, C,, and Cy, 
Rn = Open circuit Cy and Cy and resistance seen by C, is clearly RA, 


Ri, is calculated as follows: Open circuit C, and Cy», apply a test voltage V across Cy 
terminals, and find current flowing through this test voltage V, as shown in Fig. 10.45. 


Fig. 10.45 To find R°, for circuit in Fig. 10.44. 


From Fig. 10.45, we have 
Vsti + gavel 
= (I - g,VR, (~ Vy =-V) 


Y ww». & 
I =F -Tye Re 


Now, RY, can be obtained as follows: Open circuit C, and Cy and apply a test voltage 
V across C, terminals, as shown in Fig. 10.46 


D 


Fig. 10.46 To find Re,, for circuit in Fig. 10.44. 
From Fig. 10.46, we get 
~ V = IR, + (Ul - gyVgs)ty 
= IR, + Uf - g,,ViR;, 


Chapter 10 Frequency Response of Amplifiers | 515 
- Vil + gmitp) = AR, + Ry) 
. pay YB, 


1+ Batty 


CR, + ALC R 

, = o io L ] 

Thus, a, = C,R) +C,R} +C,R5 “Roy+- oe C,, Ans. 
(which is the same as given in Eq. (10.84b)) 


The transfer function V)/V, has two poles and, therefore, two zeros. One zero is at s = = 
when C,, and C,, short circuit making V; and V, short circuited. The other zero is when the 
current in C,, is such that 

View 8C yy = Sm Vigs 


s=— Sm or [ rT) =0 
Cn 2 


Writing nodal equations 


At node G 
(V, — V,VR, + sC,,(V, — V,) + sCy¥1 = 0 (i) 
1 V, (ii 
Vi a ee i a aaa ii) 

At node § 

Using Vee = Vi = Vas 
sC,,(Vq — Vi) + Vo [+ +sCy, — 8 al¥, — Vy) =0 (ii) 
L 
as -Vi[sC,, + #m] + Vo sce + = +5Cy, + fn =0 (iv) 
L 
V1 + 8C,,V, 


from Eq. (ii) in Eq. (iv), we get 


[Fe +2C¥o) 1 
- 0, + i + Vo |Z +e +a(C,, +Cy)}=0 
L 


1 

Bet Coe 

aC (sC., + Bm) 1 | FC +B) 
= Vo - fee En [toe +Cp +Ca)| one 

Rt Cas + Cee) L x 1 hCm + Cea) 


or ) cay +Em) (2 +sC,, + Cu| +8, +8C,, + Cu) fais se] 
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wlafa..’ | ; ' 
Ya) (2 +n) *8{-taC +(C., + Cea) p+ he |+ $C. a) 


aC 
+a7{-Ci, +10, + Cog hCoy +Cay)} |= in [+e 


Vo 1+ 8 nft, RR, 1+ ¢,f, 1+g,ft 1 1 
or 1+—=4—.s/C_,| —S@ |+C,,| -g,, +2" ++—|+c, | — 
V, RR, ia ink ("| & ) \ & RR) WW 


+ et x SIC Cy tC naa)! fa(1 ad 


1+ godt, ™ 
Vi 1+2,,/t, R+k R, 
ft Sm 1 +a) FC, +——_£C,, + —_*—¢ 
V7, RR |  l+e,.R, * Ite, 
R a sC 
+8* Bi jic +C,C,, +C, )- fa (+e! 
+ Fmt an 
(a) = —— om Sm 
= ~— [1 +a,5 +a,87] 
1 i 
= Avoll + 8Cys/ Bm) (hence Eq. (10.840) verified) 
(1 +a,3 +a,5°) 
R 
where A — Sm" _ 
bs 1+ gy fty, 
5 A+R o ,_*t __c. , (hence Eq. (10.84b) verified) 
” Rees * Tea. R, Cu + 1+Z, ai . 
and a, = = PE Clin + Culp + CeCe) (hence Eg. (10.84c) verified) 


iye=— a5 tH =.= and may be found for specific cases, given the numerical values of 
a 


various so malas ean 
An alternative method to oblain ag 
We can determine ag by an alternative approach as follows: 


Gy = FiC, RisCe + Racy RiyCy + RigCs RigC 
where Cc = Cots Cy = Co C; = Ca 
Ro. =R, (by inspection) 
Ro, = + RL)” (gee Fig. 10.47) 


(l+g,7,) 
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_ FR, 
“Teg CiC2 tals CxO) 


R a 
or a, = Tete Oey +C,,Cy, +Cy,C,4), which is the same as Eq. (10.84c) 


= ts 
al AvO Te Ri, 


—E mn 


ga 


git (l+sC,,/g,) 
Ayla) =| 2h 
‘i [=| 1+a,5 +05" 


where a, and az are found earlier. 


and a zero occurs for s = =; V,.5C,. = -fmVgs. ie, 8 = 


Fig. 10.49 Circuit to find R2,, clearly, RZ, = R,||Rz a3 BuVg = 0. 


E EXAMPLE 10.9 


Find the input impedance Zjs) and the output impedance 2Zp(s) for the Source Follower, at 
high frequency [i.e., verify Eqs. (10.86) and (10.87)). 


Solution: See Fig. 10.50 for equivalent circuit of source follower, and Fig. 10.51 drawn to 
find the value of Zs). We can see that (Fig. 10.51), 


1 
Z;(s) = (2 || 24 


D R, = ryllRg 
Fig. 10.60 The equivalent circuit of a Source Follower, Ex. 10.9. 
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To find 2;, apply a voltage Vyy at XX and let current Jy flows in C,, (with G as +ve and 
D as ve). 


and 
Thus, Z, a aL 
Iy 
1 £, 
“+419 ] 
SC gy ae 
Put Z,=——||R;, = R 
" t,  (140C,R 
z, =—L R, (yt 8m _ 1+ sCuR,)+(sC +2, Wy, 
sC,, 1+8C,,R, 8Cyy sC,,(1 + sCy,R;,) 
_ (+ dmb) + Rp (Cay + Cy) 
[sC,,(1 + sCy,R,, )] 
am 7 = (1+ gf, M1+eR, (Cy, + Cos AL + gf, A + gt 
‘ [sC,, (1 +8Cy,R;, 
1 
or zi)=( 2-2 


Therefore, Eq. (10.86) has been verified. 
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[To find Zgls)] 
In Fig. 10.52, we note that 


a -SSS sees een, 


i 

1 
i 
i 
i 
' 
' 
' 
i 
E 
a 

Fr 


Fig. 10.62 Circuit to find 2o{s). 
- R, 
1 +8C i R, 
To find Z,, apply a voltage source Vy, and let current f flows from G to S (i.e. —) side 
if we apply Vy, at 11’. 


Zs 


M1l+sC ) 
a vs’ =t[ 2, +2-)- = 4 


aC os a 
. Vir’ _1+8Cp.2Z, 
I oe 
or a 
zs 
and iy =f 4g -¥. =F 45¢,.——<1|14 2 
mm" ge m aCe, sCy, 
3 : Ll+sC fst 
Thus, Via a 4) ] (s Via’ = (1 + 8C yf VsC,,) 


Ty 1048m/8Cq) 1+ md 3C gp) 
vi istsc.z, '* rinse 
fe ia! ol ee ld 
Iy Em +3C,, Bm +8Cy, 


__1+sCygR, + 8CysR, (+) 1+ 8R,(Cyq +Cyy) 


(Bm +8CggK1+8CyAK,) (Bq | 1+ SC yy / Bq M14 8C yy! By) 
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When C, = C; = 0 (open circuits), and the circuit contains only C, (as shown in Fig. 
10.53b), the TF of circuit in Fig. 10.53a has only one pole whose angular frequency (rad/s) 
is Wt = 14R2,C,). In Eq. (10.88), for Cy = Cy = 0, a, = RPC, and py = Vay = 1/ Ry, Cy. 
Similar arguments apply if we consider Cy; = C, = 0 and C, = C, = 0 cases, giving time 
constants R2,C, and Ry,C,, respectively. 


For a system which contains M capacitors, the value of a; is given by summation of M 
open circuit constants due to each capacitor, 1-e., 


Af 
a,=)) RUC; —_ {open circuit constant) (10.89) 
tl 


where ik: is the zero-frequency resistance, i.e. putting all capacitances, except C,;, equal to 


zero, as seen by C;. Hence a, is the sum of open circuit time constants, with R!C, being 
the circuit time constant when all the other capacitances are open circuited. 


10.18.2 The Coefficient a, 


To perform the approximate frequency analysis, 
we need that pole py must be away from pole p, 
such that ps > 8p,. The location of the closest non- 
dominant pole given by ps and, therefore, the 
separation between the dominant and the non- 


dominant poles, is determined by az. We have seen Network 
that a) comprises the product of time constants. C, ee 
All possible pairs of capacitances from the time 5.C. controlled 


constants in a. For circuit in Fig. 10.54 we have sOUrCHE 
dy = (Ry, Cy MR C2) + (Ry C, M33 Cy) Fig. 10.644 Network in figure used to 
+ (Rig Cz Rag Cy) define Ri,. C; is short- 
ircuited and Cy i 
(10.90) prockehan a 3 is open 


where RF! is zero frequency resistance seen 
by C,; when C; is short-circuited and other ca- 
pacitors open circuited. 


R®,C,,R2,C, are the open circuit time constants, R1,C,,R1,C, and R3,C, ete. are 
short circuit constants. For example, Ri, is resistance seen by C, when C., Cy (Le. all other 
capacitors) are open circuited, Ri, is resistance seen by C, when C, is shorted and C, (and 
all other capacitors) are open circuited. 

The subscript in Ri (Le., 2) indicates the terminals at which the resistance is computed 


and the superscript (i.e. j) indicates the capacitance which is shorted. All the capacitances not 
indicated either in subscript or in the superscript are open circuited. Each term in Eg. (10.90) 
is the product of one open circuited and one short circuited time constant. 
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Also, for any pair of capacitors C; and C;, we have the product of one short circuit time 
constant (e.g. Ri C,) and the other open circuit time constant, ie., RIC, . Note that 
(10.91) 


(RUC, MRC) =(RiC, KRG C)) 


Le., the capacitor that is shorted to determine Ry (on LHS of Eq. (10.91)) is the one for 
which open-circuit time constant R."’C, is computed. These two subterms constitute the 


term (RiC;MCi,C,) in LHS of Eq. (10.91). 

Similarly, the value RUC, .R2,C, can be replaced by R2,C, . R,C,. Depending upon the 
circuit/convenience, we find the product term with one OC time constant and the other SC 
time constant. This point will be clear from the following examples: 


a EXAMPLE 10.10 


Determine the coefficient a, in the transfer function of the Common Emitter stage by time 


constant method. 
Solution 


RsllR,= Ri, 


== ne 
a os a i, 


- 


a 
ua lt Te 


‘eo (b) 


Fig. 10.55 (a) Circuit used to compute the zero-frequency (open circuit) resistance R® for 
the CE stage, and (b) Ri) for the CE stage for Ex. 10.10. 
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if 
As a=) R,C,= RIC, +AR,C,+R,C, (Eq. (10.88) 


im] 
To obtain FY, open circuit C, and make Vg = 0. Circuit (a) is obtained. We find 
impedance R° from Fig. 10.55a as 


Ro = Rg ||, = 2s 
r, + Reg 


To find R°, open circuit C,, put Vs = 0. Apply a test current J, as shown in Fig. 10.55(b). 
Let voltage V, be developed across the base (B) and the collector (C). Then 
V, = Lg |[ra) + Bolly + BmVs) 
=J,[R°+R,(1+g¢,F°) 
(- Rg||r, = RE, and V, = I, . RS) 
or V, = 7, (FR (1+ g/t) +R] 


vy, 
Ry = 7 = Rell + Emit, + Ry 


f 
Hence a, = RC. +RiC, 
= REC, +(R2(1+ g_lt,) + RIC, Ans. 


Note that we had obtained the same value of a, by direct method as given in Eq. (10.55), 
(see the coefficient of s in the expression in denominator of Eq. (11.55)). 


EXAMPLE 10.11 


Determine the a; coefficient for the circuit [see Fig. 10.56] by time constant method. 


E 
Fig. 10.56 The given circuit (a CE stage at high frequency), Ex. 10.11 


Solution: This circuit contains two capacitors. Hence, 
a3 = rR C, Ry C,=R,C, Ri C, (Eq. (10.90) if Cy is made zero) 
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The source resistance for the second stage is the output resistance (Ap;) of the first 
stage. Clearly, Ro; = Re;. Also 


Roa = Fey = Rey Mee (by inspection) 
Ro, = Ro, = RE + gyaloo)+ Rog | (using (10.58)) (10.94) 
m= Ris + Reg (l + Bmalgq) 
If r, = 0, Ry = Reg lien = Rly = Ri 
Using Eqs. (10.92), (10.93) and (10.94), we have 
M 
a, =} RIC, (10.95) 


= Ry, C, + Ra Cy + Ry Cy + RiyC, 


= Ri, Cy + (RY 1 + Smaps) + Ry lCy + Rag Cy + LRGs (1 + Balen) + Reg lCy (10.96) 


The first two terms of Eq. (10.96) when added, give a, of Stage 1, 1.¢., a), (see Eq. 
(10.55)), and the last two terms are ‘a,’ of Stage 2, i.e., ay. Thus, 


ay = 4] a ys (10.97) 


Now, (10.98) 


(10.99) 


Clearly, fy is smaller than either fy, and fyo. 

Thus the half power point frequency f/f, of the cascaded stage is smaller than either fi, 
or fo. Therefore, the cascading stages decrease the bandwidth. 

The reduction of the bandwidth is an ‘additive’ process as seen in Eq. (10.99), whereas 
the midband gain increases multiplicatively. Thus, for numbers greater than unity, their 
product increases more rapidly than their sum. Hence the gain-bandwidth product of the 
cascade is more than that of an individual stage. For example, A, = 100, fy, = 0.1 MHz for 
Ist stage and A, = 10, fy = 1 MHz for 2nd stage. Each stage has gain-bandwidth of 10. If 
we cascade them, then 


O=.ls1 
= = 0,091 
fa 0.141 
and AjAs = 100 x 10 = 1000 


Cascade stage has gain-BW product = 0.091 x 1000 = 91. 
For N-stage cascaded amplifier, a, coefficient of the cascade is the sum of a, coefficients 
of the individual stages 
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hia 
a, => ay (10.100)** 


i=] 
where a, = a, coefficient of the ith stage. 


a EXAMPLE 10.12 


The parameters used in the CE-CE cascade in Fig. 10.59 are as follows: 
R, = 600 2, Rey = 1.5 kf, Res = 600 0, Pe 
Zni = 0.15, C, = C. = 24.5 pF, Cy = Cy, = 0.5 pF, Fe 
Eno = 0.05 U, Cs = Ca = 19.5 pF and Cc, = Cw = 0.5 pF 
(a). Determine the approximate value of fy, and the approximate location of the dominant 
le. 
(b) Tieeaca the approximate location of the closest non-dominant pole and comment 
on the validity of the dominant-pole approximation. 
Solution: We use Eqs. (10.93a) and (10.93b). 
(a) We first evaluate the resistances (see Fig. 10.60) 


Rn = Ri =R, la 


1.2 kf), 
2.4 kO, 


= 600 || 1200 = 0.40 kf [From Eq. (10.93a)] 
Fir = Rey || "ea 
= 1500 || 2400 = 0.923 kg 
and Ro, = Ro 
= RE (1+ am Rey) + Rey [From Eq. (10.93b)] 


= 0.4(1 + 0.1 x 923) + 0.923 = 38.2 km 


1 a Lit 
**For n numbers a}, ay, ..., d,, if each a; ae then their product [Ja z x . For vn = 2, 
i=] | 
a; 2 2. For amplifier stages, usually, both the gain and bandwidth are greater than 2. 
Let a; = Kn) 


Product P= []« = KB _ri-n) 
rel 
nid ; 
Sum s=)'q, = nKnls-1) 
i=l 
P E'%," =A} 


sew oe >1 if K we. the product P is more than the sum S. 
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Ris = Ras = Rey II Pee 
= 1500 || 2400 = 0.923 kQ [From Eq. (10.94)] 
Ria = Roy = Rig (1+ 8naReo) + Reo 
= 0.923(1 + 0.05 = 600) + 0.60 = 29.2 kQ 
Using Eq. (10.100), we write 


4 
a =), Ric, 
i=l 


= Ri, C, + Rig Cy + RggCy + RiyC, 
= (0.40 « 24.5) + (38.2 « 0.5) + (0.923 x 19.5) + (29.2 = 0.5) 
= 61.5 ns 
fu 7 
Spee ea es seen 
ae x 615x107" 
The dominant pole is located at —p,, where 


= 259 MHz (i) 


1 
as 
a 1 
~ 61.5107 
Let us also determine the values of f), and fp. 
AB Gy, = Ry C, + Rog Cy 
= (0.40 =~ 24.5) + (36.2 * 0.5) = 28.9 ns 
My, = Ris Cy + Ris Cy 
= (0.923 x 19.5) + (29.2 x 0.5) = 32.6 ns 
a Tae 1 
2m, 2ex 28.9% 10° 
| 
Qa, 24x 32.6x10° 


=1.63 x10" rad/s 


ei = 5.51 MHz 


and faa = = 4.88 MHz 


fy x fi 3 
Check = Hl Ha 
fa fyi + fn 
_ val «4.88 
6.51 + 4.88 


Thus, it is seen that fy of the cascade is less than 60% of fy, the smaller of the two fp, 
and fis. Let us now see the gain bandwidth product of the cascade. 


= 2.59 MHz, same as found in (i) 
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Also, note that Ri, = Rj,; Ri, = R2,. We observe that when C, is open circuited, the 
portion of the circuit containing C, is decoupled from Stage 2 (C; and C,). The resistances 
seen by C; and C, are thus independent of whether C, is open circuited or short circuited 
if Cy is open circuited. Thus, 

Ri, (C, short, all other C; open) = Rj, 


Ri, (C, short, all other C; open) = Ro, 


E ab 


= + 


=... 


i] 

| 
t 
i 
! 
! 
! 
1 


Fig. 10.61 Equivalent circuits used to calculate the values of (a) Ri, , (b) R3, , (c) R2,, R2,, for 
Example 10.12. 


Hence, we only need to find Rip, Rj,, Rj, and Rj, to calculate a, in toto. RL, may be 
computed from Fig. 10.61(a). Clearly, 


Rn = Rey (lee = Fa 
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From Fig. 10.61(b), 


Ri, = Res (. Vig = 0 and C; is short circuited) 
From Fig. 10.61(c), short circuiting Cs, a 
Rag = Tp2 ll Rey eRe (where Ry, =R, |ltq1) 
and, therefore, Ri, = Rg (1+ Pee + Res 


Thus, we have all the values 
RP, = RE, = R, Ire, = 600 || 1200 = 0.40 kQ 
Ray = Rey |l fez = Rpy = 1600 |} 2400 = 0.923 ka 
Ri, = Rag = Rey || eq = 1500 || 2400 = 0,923 kD 
Ri, = Rj, = 29.240 [found in Part (a)] 


Now, Ris = Tall Ren I — IIB 


= 2.4 kQ|| 1.5 kQ|]0.01 kQ|]0.4 ka - = 0.01 xa] 


Ss = 0.0096 = 0.01 kf 
and Ri, = Fy 1+ Gale) + Reg lie. Roy = Ris + Rog (1 + &polag) | 


= 0.01(1 + 0.05 = 600) + 0.6 = 0.91 kf 
Ris = Rep = 0.6 kD 


ay = Ri, C, [RpCy + RgyCy + Ray Cyl + Rigy Cy [Rigg Cy + Rg Cyl + Rg Cy Ry, Cy 
= 0.40 « 24.5/0.923 = 0.5 + 0.923 = 19.5 + 29.2 = 0.5] 
+ 38.2 x 0.5(0.01 = 19.5 + 0.91 = 0.5) + 0.923 « 19.5 = 0.6 = 0.5 
= 9.8(33.06) + 19.1(0.65) + 18.2985 = 341.8 = 342 =x 107" gec* 


| 
py =— = Ox 18 * 10° rad/s 
f 342=10 
1 1.8 = 10° 
=——-p, = ————_ = 38.6 MH 
Thus, fe on xx z 
1.8 x 10° 


As the poles are separated by a factor © - =11, ie. more than 8, we can 
Pp, 0.163 x10° 
conclude that the dominant-pole approximation is valid, within an error of + 10%. 
Note that the dominant pole time-constant method is a pessimistic approximation and 
yields the values of fj, and fy. about 10% lower than the exact fy, and fy, respectively. 
A second observation is as follows: 


Individual stage has f,, = 5.61 MHz and fy, = 4.88 MHz. 
The cascaded stage has fy = 2.59 MHz and its second pole frequency is 28.6 MHz. 
Hence, one pole has moved closer to the origin and the other, further away. This condition 


is often referred to as pole splitting and is often exploited in compensating operational 
amplifiers. 
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10.20... THE CASCODE (CE-CB) AMPLIFIER 


The cascode amplifier comprises of a Common Emitter etage cascaded with a Common Base**. 
The midband gain of this combination 1s virtually the same as the gain of a CE stage having 
the same load resistance Ayo as does the CB stage. The bandwidth of the frequency response of 
the composite (cascode amplifier) is greater than that obtained for the corresponding CE stage. 


Cu : Bina Vox 


&, 


an ests 


The CE-CB cascode 
Fig. 10.62 (a) The high-frequency equivalent of the cascode (CE-CB cascade) 
(b) Circuit used to calculate Fay Ras Roa ete. 
(c) The basic connection of the cascode amplifier. 


**Some authors have also described a CC-CB cascade as CASCODE. However, the most popular 
configuration CASCODE is CE-CB cascade, as assumed by us. 


536 Electronic Devices and Circuits 


The high frequency equivalent circuit of the cascode is shown in Fig. 10.62(a) and that 
used to evaluate open-circuit resistances is given in Fig. 10.62(b). Figure 10.62(c) ia the basic 
connection for the cascode amplifier. 


Now, coeff. a, of the cascode = coeff. a, of CE (loaded) + coeff. a, of CB stage 
i.e. a, =a, +a) (say) 
Then for the CE stage, 


where Ry = R, Nea 
Ry, = Re || Ke 


where Fj, is the input resistance of the CB stage and equals a, (Note this step). 


+ fy) 
Since Ry == Re therefore Rr al Ry. 

Due to R,, << Ae, the value of a), is reduced (Equivalently, we can assume that the 
loaded gain of the CE stage is reduced due to R,, = Rjg|| Rc, << Re). Therefore, the Miller 
effect multiplication of C,, is reduced significantly from that of a CE having loaded value 
Ry; = Rey. 

It can be shown"* that for the CB stage 


eae 10.102) 
bad wa Reg ( 
** Proof 


To find a, coefficient for Stage 2 (redrawn from Fig. 10.62a) 


[To find R&,, open circuit Cy, see Fig. (a)] 
=(I-gm2Ve) Ry, (put Ve = V the test source voltage) 
Vil + gee Ria) = Ry 
Ro, = ve R a oe | 
rg (4+ ameFn) sme Boe 
ae 
(Contd. on next page) 
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The frequency f,,, "ee is comparable to fy, - where d, and f,, correspond 


i 
2nd, 
to an emitter follower. As fj, (for the CB stage) is very high, therefore the effect of aj, (i-e., 


of the cascode stage is minimal. 


of fye) on the overall response f, = - 
1 


i EXAMPLE 10.13 


A cascode amplifier has Ae, = Ap, = 1.5 ED and A, = 300 QO. The transistors are 
identical and have r, = 2 ki, g,, = 0.05 U, A, = 100, C, = 19.5 pF, C, = 0.5 pF and 
@, = 2.5 » 10° rad/sec. (a) Find fy for the circuit. (b) Determine f, for a common-emitter 
stage having A-= 1.5 kf), driven from a source having A, = 300 0 and using the transistor 
whose parameters are given above. Compare the result with that obtained in part (a). 


Solution: (a) For the CE stage, 


Fig. (b) To find Ri, - 
[To find Riz, open circuit Cy, see Fig. (b)| 


As Rola = Vig =(-@m2 Veo Ria 
¥,_f1 + Bm pity) a Q a. View af an I, =0 
Se tee 
a Thao" ' 
Le. Ria = Reg 
[To find a.) Og = Rpg C eq + Reo C ya 
r, 
= 3. On + Rog Cys 


1 Ay Em 
es Cc es ee ? 
+ wiltes tip ral ie 5) z from Eq 10480) 
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Ro, =R, ||rq = 0.30 || 2.0 = 0.261 kQ 
For the common base, 
en 2.0 
Kis 1+, 1+100 
‘Ry of Stage 1 (CE) = Re || Ria 
= 1,5|] 0.0198 = 0.0195 kn 


—— =0.0198 kz 


Hence ay, = RY, Cy, + (RE, (1+ gly) + Rey lC ua 
= 0.261 «19.5 + (0.261(1 + 0.05 = 19.5) + 0.0195] = 0.5 
= 6.36 ns 

For CB stage, 


Oy, = + CyaRe, (Eqn. (10.102) 


1 
> +0.5%15x107 =1.15 ns 
2.5 x 10° 
For the CE-CE stage: @, = 44, + 232 
= 6.36 + 1.15 = 6.51 ne 
1 10° 
and hence fa a nde eee tt (for the cascode) Ams. 


(b) For the equivalent CE stage if CB stage were not there 
ay = Ry, Cy + (Rei 1 + Batley) + Re lC ya 

= 0.261 x 19.5 + [0.261(1 + 0.05 x 1500) + 1.5)0.5 

= 15.75 ns 
a ee eee 
Qea, 2e%15.75x107 

Clearly, the cascode amplifier has a higher fy (by a factor 24.44/10.1 = 2.4) than does 

the CE stage. If the load resistance Ap, = 5 kf) then 


1 
dy = — +C,, Re 
12 (iy ue “y 


fy = = 10.10 MHz (for CE alone) 


-— _+05x5x10° =2916 
2.4 x 10° 
and @y = Gy, + Oy = 5.56 + 2.916 = 8.276 ns 
a 
os Cascode fy = oe at = 19.23 MHz 


Qna, an x 8.276 
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1 


When =0 then from Fig. 10.64, 


Fig. 10.64 To find RE with Cy «. ——=0(5C). 
Ez 


(- Cy offers short circuit, connecting point E to ground) 


Then a 


‘= =Sm'x RoCps Vy 
(l+shp Cp) : 
Vols) _ ~&m Re. 8Cp 
Vis) (1+sRE Cy) 


Ayz(s) = 


-g ne ‘Ea (R, +r, )aCg 


1+sREC, 


=Bmte Re _ _—hpRe _ 
But (Re +7) UR, +7) Ayo, the mid band gain 
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; : ° 1 
Zp=e if Ll=aCphy = 0 ie ife = - 
RpCe 


(10.105) 


+1 
zy = ReCe = tie 
For the case CE with Re (and no C, across Re) we have the TF gain by 


___Pofte 
R, +1, +(B +DRg a 


For our case here when Cy # =, we replace Rg by Rg||Cg, i.e., we here replace Rg by 


Ay = 


— Fe in Bq, (10.106) for our case. Doing so, we get 
l+ahgCy 


Ay (s) =o ___ 


——— 
R,+r, +1 #8 pce) 


- (1+sC,R,z) 
(R, +7, Ml 4+sCp Re) + (Ay + lity 


2 — Bye _ (l+sC phe) 
BR, tr, +f +DRy ©) MR, + ggg 


R, +r, + (4, + DR, 


nf | (Ry +n) Rg) (1+8CpRp) 


+5 , +( 4 +R 
5 a Se a ae 


(RE/Re\d+slae) =e (see Eq. 10.112) 


(RE Rg). + sCgRp) 
1+ Cre 


B 
7 Ayo (Rg aoe +8! Wg) (10.107) 
1+ «Ce 


Effect of imperfect Cg, Cp 3 = (10.108) 


Ayz(s) = 


vee 
oe” aCe 


pe -— ‘Ru + 2) Re CR, +7, By +1). Re 
ME RR, +(f +iRy (Ry +1,)A fp +1) + Re escit 


_*% + Fe 
Ae le (10.109b) 


the midband gain with perfect Cy and Cz (10.110) 


td 
+F,) 
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l+sC,R R 
25 aC, sas : 1+ sCeRe 


Vo Foe _ 
mo 
mee V, 2g +r, +(1+ Aloe 


(A “CE with Zp” on the emitter side) 


= 


1+ R 
FF 
Cp Fie 04 PT i 
= - fy Cp {1 +8Cpe Rg) 
(1+sC, R,X1+sCy Rg) +sCgr, (1 +aCy Rp) +eCy (1+ AR 
= (-6, Ro AR, +r,)).8Cy(R, +r,M1+sCpRg) 
1+s|CgR, +CaR, + Cpr, + Ca + &)Rel+8*[RpCeR,Cy + RpCerCe] 


3 s 
: Ave Tota aay (Teme) 
L+s[RpC,y +(R, +r, + (1+ By Re Cy) +e [ReCelR, +r Cg] 
_ Ayo (alaig XL +afZ,) 


ia di 1+a,5 +a" 


which is Eq. (10,112a), hence proved. 


~ Ay Re 
is = ae ae 
PF Caih, +1,) 
1 
F = 
* CyRy 


a, = ReCy + (A, + ry + (1 + Sole, 
Gy = RgCy . (A, + rg 


Re = Rg, Rp =R, +r, +(1+ Ale 
RE = Impedance seen by Cy with Cg shorted = R, +r, 


a, = Rg Cy + RgCy 
as expected from Eq. (10.112) 


a, =(RECeX Rg Cy) 
Note I: If Cy + ~ and Cy imperfect coupling case, we get 
Ay(s)k, = (R, +r,M1+sC,Re) 


L+s{RpCe +(R, +r, +(1 + hy lRg Cg] +s lRgCy(R, +7 ICp = 
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1 1 
- Se GH: A 
fe 2ERyCy Bn x1.5x10° x408x10° = 
This implies that at |s|=| ja|=———., the gain is —3 dB for imperfect Cy bypass. 


Cy i 
Note: 

1. In Example 10.15, the value of Cr, required is much larger than the value of (,. 

2. Zero introduced by Cy occurs at such a low frequency compared to the desired value 
of f;, that it has negligible effect on the low-frequency response. 

4. Both size and the cost of discrete capacitances increase with increasing capacitance 
value. Thus, it is customary to select Cp to meet the desired value of f,. Then Cp 
is selected to make f,, occur at a much lower frequency than f;. 


Choose fur = fe 


Asathumb rule, Choose fi, Sri (10.115) 


In the part (a) of this Example 10.15, if we choose f;. = f, = 50 Hz, we shall obtain 


Cy =A = 204 uF 


For fiz == fy, =5 He, we require 


1x10" 
Cc, =——___—_ = 18.9 
5 ax 5 x (1+ 0.6) a 
Thus, the total capacitance now required = 204 + 19.9 2 224 pF, as compared to the 


earlier value of 408 + 3.98 =412 uF, i.e.. nearly one-half. Thus, we save both cost and size. 


x EXAMPLE 10.16 


A common-emitter stage uses the transistor whose parameters are given in Fig. 10.69. For 
Re = 1.5 kf and A, = 0.6 kQ, determine Ayy and fj; 


C, (0.5 pF) 


Fig. 10.69 The given circuit, Ex. 10.16, 
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Solution: As we know, 


Ayo = R, +r, 
~ (100 «1.5 | 99 75 
0.6 +1 
Given data is: rF,= 1000 0, g, = 0.1 2 
By = &mrx = 100 


R®° = R, ||r, =0.6||1=0.375 kQ 
Ro = Re +(1+2,,R0 Re 
= 0.375 + (1 + 0.1 x 375) x 1.5 = 0.375 + 57.75 = 58.125 ko 
a, = RIC, +R°C, 
= (0.375 x 19.5 + 58.125 x 0.5)10~ = 36.375 x 10° sec 
a, = RC, REC, = RC, . RoC, 


= (0.375 x 19.501.5 « 0.5) x 10°18 = 5.484 = 107 sec® 


Aop(a) = Aol —9/e) An 
l+as+a 1+ ays 


a fe ; : F i " 
This is valid approximation as Pa S12 Sh 241.3 >> 8 
PR Wa, ay 


on x 36.976 10 74-875 MHz Ans, 


EXAMPLE 10.17 


(a) Derive the voltage gain 2 at high frequency for a. CE stage, as shown in Fig. 10.70. 
8 


(b) Given the source resistance Rg = 0.3 kQ, r, = 2 kM, Re = 0.6 kQ, g,, = 0.1 mf, 
C, = 19.5 pF and C, = 0.5 pF, find the values of a; and a» by time constant method. 
Solution: (a) Without C, and C,, the voltage gain is: 


= oR, 
Ayo Fig +r 
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9 
=%1 - 5-5078*10 _ 3621.1 x 108 rad/s = 576.32 MH 
ay 1.521x10°% ; ae ? 


P2-1994>8 .. valid amplifier analysis by time constant method. 
Py 


a EXAMPLE 10.18 


For the two-stage amplifier shown in Fig. 10.71 evaluate the upper 3 dB frequency fy using 

the time constant method and assuming the dominant-pole approximation. Compare the 

bandwidth, the gain-bandwidth product of the cascade with those of the individual stages. 
Given Fa = 14 Ef), re = 2.8 EL, gg, = 0.15 0, 


Zima = 0.05 U, Cy = 20 pF, Cy = 25 pF, Cy = Cig = 0.5 pF 


co #Voe 


Fig. 10.71 The given circuit, Ex. 10.18. 
Solution: 
Bor = @mifa = 0.15 x 14x 10° = 210 
Boo = Zmal eo = 0.05 x 2.8 x 10° = 140 
The ac model is drawn in Fig. 10.72. 


————— ————— 
20.077 kQ 
Fig. 10.72 The equivalent diagram of the given circuit. 
(Values of resistances are in kf}) 
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fj EXAMPLE 10.19 


In the circuit shown in Fig. 10.75, @, and @> have Bp = 150, V4 = 120 V, fr = 400 MHz and 
C, = 0.5 pF at a bias current Jeg = 100 pA. For Rg = 50 kQ and Ae = 250 kil, determine 
the approximate value of fy. 


Solution 
Ieg _ 10010 
= 2 — = 4 mt 
om Ve 25x10" 
= Pr. i = 37.5 kQ 
km 410 
fy =e __ on = 1200 kQ 
Jog +100x10 
Fig. 10.73 The given circuit, Ex. 10.19. 
oxf,, = —2» —_ 
as fr =G, +C,) 
150x107 12 
2: - 05 X10" (v fr = 400 x 10°, r, = 37.5 kf) 
* 4x 29 (87.5 x10") e . 


= (1.59 — 0.5) x 10° = 1.09 pF 
The AC model is shown in Fig. 10.74 and Ri, =F, || A, at AX’ of emitter follower. 
Ag R; = Fy + (1 + 150)irg; || Pax) 


1200 x 37.5 
1200 + 37.5 


= 37.5 + 5490.5 = 5528 kQ 


=37.54+151% 
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C,, (1.09 pF) 


i ————— 


Fig. 10.74 The equivalent AC model of the circuit. 
Ry, = 50 (15528 = 49.55 ka 


In Pig. 10.75a Re =7, ||F (: RY, =R) 
= 37.5 kQ||0.592 kQ = 0.5828 kQ (Ris found in Fig, 10.75b) 


Fog lle 


(= 36.36 ef) 


Here V, = 50/, - 145V, + 36.367, 


V, _ 50+ 36.36 
I,” 1+145 


(b) 
Fig. 10.76 To find R{,. First find A then Rg, =r, ||R. R infound Fig. (b) 
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Ry, = Resistance seen by Cy with C,, Cy short circuited 
Vert = Veag = 0 for V,=0 
and Ry, = Rpg +R, =6+10215 kf 
tT, =C,. Rey = 10x10 «15 x 10° =150 ms 
Rj, = Resistance seen by Cy with C;, Cy short circuited 
1 1 
= —— = 0.15 ki) || — ka 
Rsa\lo— ls 


_ 0.15 x 0.1 _ 0.015 


= ——— = 0.06 ka 
0.15+0.1 0.25 
ft, =C,Ry =5.3 x 10° x 0.06 x 10° = 0.32 ms 
ki 
a 1 10° =10° = «10° | 10° «0.315066 
a | 5 Se 01 An 
f= an C,Re -2( 150 2) 2a 
[To find R,.; — see Fig. 10.79] 
(b) Roi, = Rg Il Rg, = 0.2 kQ |] 50 ko = 22**9 9 1992 ko 
0.2450 
(Rg || Rey) + Rey _ (0.1992) + 0.25 
As R= Ws I Rey) + Rgy _ (0.1992) + 0.25 | 1 og8 ko 
wl 1 tae Ben 1+10x 0.25 
* ¥ — 
Pic 
(Fgll Fg,) Fg, 
Bai 
tr sas% 
7 - VW _ (Rg Rg) + Rey 
V = (Rs|| Re) + Rall — ga) -. 7 lesan 


Fig. 10.79 To find R,,; 
1 
and Rea = Fg, || — 
Em 


= (0.25 Kanil( 55 Ka = (250 2)|| (100 Q)= 71.42 = 0.0714 kQ 


Roaz = Rygz + (Rp2|| Rr) + Resale ||) - &ma 
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(a) C, open circuited (b) C, open cireuited 
Fig. 10.83 Circuits to find (a) R°, and (b) R.. 


Clearly Rj, =F, || Re 
= (Ri, CNR Cy) 


= [ Be 0, ar + Ry)Co) 


a, = #,A,C,C, Ans, 

(b) For A, = R, = Rf, C, = Cy = C, Ay = 2 
a, = CR(1 - 2) + CIR + R) = CR 
a, = C*R? 


For dominant pole, 


and |p, |= = —— = — Ang. 
2 


Hidden page 


564 Electronic Devices and Circuits 


and C, = 1 pF. Assume that the frequency response of the emitter follower (@, stage) is 
sufficiently high so that it has negligible effect on the value of fy, of the cascade. 
Compute the value of f, for the cascade by time constant method verify that the dominant- 
pole assumption is valid. 
Solution: ff, = 100 for all transistors 
Fey = Fe = 0.5 kD 
Fas = 1.0 kQ 


We first replace Stage 1(@,) by an equivalent voltage source and output impedance since 
Stage 1 is assumed having negligible effect on fy. See Fig. 10.86. 


Fig. 10.86 Replacing @, stage by 0.995V; and F’,, = 0.0246 kf} AC model of stages Q, and Qs. 


Stage I 
(1+ 4, 1R 
Rg + re, + (1+ Alege, 


» (14+100)5 
2+0.64(14100)x5 


Gain Ay = 


= 0.996 


+r 240.5 2.5 
R_MW=Rk Rg +t 5 = 5 || —=0.0046 ki 
or = Rg, Il 1+ ls 100 Ton 


Fey 0.6 
Ema — Poa, = 10 _ 100 mt 
Fes «Csi 


fe = 1000 x 10° 
Feo pg 0.5%10°(2" x 200x10°) 0.5(29 x 2) 
Ce = 159 - Cys = 159 - 1 = 158 pF 


Cys +9 = = 159 pF 
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At low frequencies, we have 
Av = 0.995 already found, Ry, = 0.0246 kQ 


= fins - -100 = 2.0 
A ——Ara-Rea __-100x2.0 _ 4.) 
vee” Roy theq 0.0246 40.5 
Rig = Reo||roo = Roo = 2.0 kQ 
= -100 x1 1.88 


A = = =z 
y 08 Ron + leg tL + Bog Reg  2-04+1.0+(1+100)0.1 


Rig = Req (0 here mg ==) =1kO 


‘Ry Ris 
R,, 420k || R, 


ce a oo, 


Fig. 10.87 Fig. 10.86 redrawn by renumbering C, and C,,, i = 2, 3. 


Overall DC gain) = Ayg = Ay - Ayoz - Avas 
= (0.995-381)(-7.63) = 2892 


Renumbering Cy as Cy, Cy as Cy, Cig as Cy and C,, as Cy, we have the circuit, as 
given in Fig. 10.87 


Here Ry, = 0.0246||0.5 = 0.0234 (. RO, =0.0234 ka) 
Ryy =2 KQI| Rog = 2K freq + (1+ fog eg] =2(/1.1)=1.69kQ (. Rey = 1.69 kQ) 
Roy = Rqy + Ryy (1 + Bm Ry) 


= 0.0234 + 1.69(1 + 200 x 10-8 x 0.0234 x 103) = 9.623 (.. R%, = 9.623 kQ2) 


[To determine Rq,) (see Fig. 10.88) 
Roy = 1.0 kQ || R’ 
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Fig. 10.88 To calculate R®,. V, is the test voltage. 


[To determine first R’) In order to find Re; we first need FR’ as shown in Fig. 10.88. 
Vie f= 240.10, =- 100V,)  (V;, is the test voltage applied) 


“pr -—)_ ~o,1909 ka 
i, 1+10 


1x 0.1909 


: : = 0.160 kt} 
1+0.1909 


and R&, = (1.0 kQ) || (0.1909 kQ) = 
(.. RY, =0.160 ka) 


[To find R°,] (see Fig. 10.89) 
V, =U, -) x 2+, + 100%) x 1 


Also, 2xU,-h) = 1 If, + 101 = 0.1), 
oe Ty = (2/13.1N, (ii) 
From Eqs. (i) and (ii), 
2 
V, =3. x — 
; = al, +98 x ii I, 
Ye RO eS 4 a = 17.962 ka (. R9, = 17.962 ko) 


a, = Ry, C, + Ry Cy + Rag C; + Ry Cy 
= (0.0234 = 158) + (9.623 » 1) + (0.160 = 78.6) 
+ (17.962 = 1) = 43.8582 ns 
1 10° 


7. =———__ = —_—______ = $628 x 10° = 3.628 MH 
I~ Fe xa, On x43.8582 e . 
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I, + 1001, 


Fig. 10.89 To determine Ro, . Apply a test voltage V,. 


[To find as] 
Ri, =2.0kQ || jy = Ry, =1.69 kQ (.. RL, =1.69 ko) 
Rig = Rjy = 0.160 kQ (. Rg = 0.160 kQ) 
Ry = RU, =17.962kQ (.. RL, = 17.962 kQ) 
RG, = Rhy +R, + BmEy) 
where Ry, = 2.0 k21 Ris | shorted 
= 2.0 kf2||0.1 kf = 0.09524 ki 
RE, = 0.0234 + 0.09524(1 + 200 x 0.0234) 
= 0.564 kQ (-. RE, =0.564 kQ) 
Ri, = Ro, = 17.962 kQ (. RL, =17.962 kQ) 
Rj, = 2.0 kQ |] 0.1 bk + 1.0 kO = 0.09524 + 1.0 = 1.09524 kO 
(-. Ri, =1.09524 kQ) 
[To find Rj] 


We draw circuit similar to Fig. 10.79 but with Ay, replaced by 
Pons 1 
2.0 kQ || — = 2.0 || —— || 0.0234 = 0.0041 kf) 
ll rie II I S00 | 


Now, we get 
dy = RiC, (RigC, + Ryg Cy + Riy Cy) + Roy Cz (RC, + Ry, C,) + Ras Cy Ray C, 
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or a, = 0.0234 x 158(1.69 x 1 + 0.160 x 78.6 + 17.962 = 1) 
+ (0.564 x 1 x 0.160 x 78.6 + 9.623 x 1 = 1.04 = 1) 
+ 0.160 = 79.6 x 1.09524 = 1 
= 119.15 + 17.10 + 13.95 = 150.2 
Ps = (asfa,y"' = (150.2/43.8582)"! = 0.29199 x 10° rad/sec 
fo = pof2an = 46.47 MHz. 
Clearly f, > 8f, -. our assumption is of dominant pole valid. 


SUMMARY 


To analyse the performance of amplifiers over wide frequency range, we must include 
the effect of external capacitances (Cr and Cg, etc.) and the device capacitance (C, C, 
for BJT and C,,, C,y and Cy, for FET). 


Bode diagram (also called asymptotic Bode diagram) are very useful to assess the 
frequency response. 
Gain in decibels (dB) is used in Bode diagrams. 
For lowpass circuit of a BJT, the frequency response is 3 dB down at frequency: 
_ 1 
fa = SAR, || R) Cy 


For a highpass circuit of a BJT, the frequency response is highest at a@ == and is 3 dB 
down at frequency 


fica 1 

L” @aiRg + RCo 
3 dB bandwidth is the range of frequency in which the amplitude response is not below 
half power of its value at maximum amplitude response. 
Step response gives an assesament of fidelity of the amplifier to various types of input 
signals. 
Rise time and tilt (sag) are useful parameters determined by the step response and 
square-wave response. 


Common emitter short circuit gain in given by 


pe) = All s/a,) 


1+s/a, 
| co 7 {C, +C,) 
At the terminal frequency fy the gain is unity and my, = 2afy = Ajay = g,(C, + C,). 
For any single-pole system with high gain, 
Unity frequency fr = Midband gain A, x 3 dB Bandwidth fs 


In generalised Transfer Function of a system, the number of poles is equal to the 
number of zeros. 
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10.5 What is meant by open circuit constant a,? It is well known that a, = sum of time 


constants CR. where Rr is called zero frequency resistant. Why is it so called? 


10.6 Explain the method how do we compute Rt and Ri. Is (RUC MRC.) equal to 


(RUC HRC)? 
10.7 Ifa CC stage 15 cascaded with a CE stage, which stage decides the overall 3-dB 
bandwidth of the cascaded amplifier? 


10.8 In what way, the imperfect coupling and bypass capacitors affect low frequency re- 
sponge of an amplifier? 


P10.1 (a) An amplifier has a voltage gain given by 


Ks ¥; 
Ay (s) = -—___——___ = 2 
ye (e+ 100K +10") V, 


In the asymptotic Bode plot of Ay{jad, over what values of frequency (the midband 
frequency) is the gain constant in amplitude? 
(>) If K = 10°, determine the midband frequency gain in decibels. 
(dns. (a) 100 < w= 10° rad/sec (b) 20 dB) 


P10.2 (a) Draw the asymptotic Bode diagram for 


10*{s + 40) 
s* + 410s + 4000 


(b) Determine the value of A,{j800). 
(Ans. (b) Ay7s00) = 22 dB = 12.6; Arg(j800) = —58.5°) 
P10.3 (a) For the common emitter stage shown 
in the Figure 10.90, by using hybrid-* 
model, and r, not infinity, find the gain. 
Vo a Aygll -3/2Z,) 
Vs L+ays +.a,8* 
What are the values of Ay, 2, a, and 
fi 
(b) Assume Reg = 0.3 kQ, r, = 2.0 kf), 
C,= 19.5 pF and C, = 0.5 pF, find the 
values of Z,, a), dy and f, if rp 4 > and 
Em = 0.05 TH. 


Ay is] = 


Ayy(s) = 


ag | a 1 Th : E : . 
(Ans. (0) Ayo=— Ay, AR, +1,) “HE 10.80 Tin Given CE clruult, 


where R, = Ry, Wot 
Zy = Bly a, = ROC, +(R2+(1+g,,R2)R,)C, where Ro = Rg |Ir,; 


a, = R°R,C,C,, (b) 2, = 10"! rad/s; a, = 9.416 x 10-9 sec; ag = 1.521 x 10-™ sec) 
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P10.4 The following data are available for the amplifier shown in Fig. 10.91 
Jeg = 5 mA, fr = 750 MHz, § = 150, r, = 200 0, C, = 2 pF 
Find the upper 3-dB frequency of the circuit. 
(Ans. a, = 3066.25 =x 10-* sec, f, = 1/2m, = 51.9 kHz) 


+ Vee 


18 ko 10 kQ 


500 C 
(10 pF) 
+ c, 2.6 kit 
yI : (10 pF) 


Fig. 10.91 The given circuit, P10.4. 


P10.5 A pnp transistor is used in the circuit shown in Fig. 10.92 and biased at Ipg = 
—2.5 mA. Determine the midband gain and upper half-power frequency. 

(Ans, Midband gain Ay = -—§)R,/[Rg + r, + (1 + Ay)Reg] = -20.93, 

a, = 17.464 «x 10° sec, fy = 12am, = 9.11 MHz) 


-Ver 


Fig. 10.92 Transistor has the parameters A, = fr = 150, Vy = = V, 
fr = 100 MHz, C, = 0.5 pF P10.5. 


P10.6 A common emitter amplifier shown in Fig. 10.93 is fed from a high frequency source 
with Re = 450 0. The amplifier delivers its output to a 800 12 resistive load. The 
transistor parameters are C, = 21 pF, C, = 0.75 pF, g,, = 0.05 02, 4 = 150. 

(a) Draw the unilateral hybrid-# model for the amplifier. 
(b) Determine a, and a, using the time-constant method. 
(c) Evaluate the upper 3 dB frequency. 

(d) Test the circuit for a dominant pole. 

Assume ry = =, 
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(Ans. (b) a, = RC, + RUC, = 20.834 x10” see 
ag =(RUC, MRS C,) = 4.927 x10 sec* 
(c) pp, = 2 = 47.9984 «10° rad/s, Py = 2 = 4.22910" rad/s 


fy 


(d) po(p, = 88 > 8, therefore, the analysis by dominant pole is valid.) 


Fig. 10.93 The given CE amplifier P10.6. 


P10.7 (a) Determine the a, coefficient in the TF of the amplifier stage whose equivalent 
circuit is displayed in Fig. 10.94. 
(b) By using the numerical values indicated, approximate the upper 3 dB frequency 
fu 
(Ans. (a) a, =R°.C,, + RY, C.y + Ri, Ca, 
(R, + Ry) 
_ jet Stas 
where Fe oA 
Ra = (ra + Ry) || Rg 


a= Ha. 
(ry + Rp) 


R®, = R, + Poly + ak, ++ w) Rg! 


Ro +r +(1+ wR, 
o ___Talits + Rp) 
Ras Rp +ry +(1+ why 
(b) fa = 5.40 MHz) 
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Fig. 10.94 The high frequency equivalent circuit of the common source stage 
with source resistance for the given amplifier cirewit, P10.7. 


P10.8 For the circuit shown in Fig. 10.95, determine the value of the dominant pole p, 
in rad/s. 
(Ans. a, = 42225 x 10°" sec, f, = 3.769 MHz) 


Fig. 10.95 The given circuit, P10.8. 


P10.9 In the circuit shown in Fig. 10.96, Q, and Q@, have fe = 150, V4 = 120 V, Jeg = 100 pA, 
fr = 400 MHz. Each transistor has C, = 0.5 pF, and Rg = 500 kf, Rp = 250 kQ. 
Determine the approximate value of 3 dB high frequency (Le. fy), by time constant 
method using dominant-pole approximation. 

(Ans. a, = 1682.2 ns, fy = 94.611 kHz) 
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Fig. 10.96 The given circuit for P10.9. 


P10.10 For the transistor circuit shown in Fig. 10.97, 
(a) Determine the value of f;. 
(b) lf i(t) = 200 Hz square wave, determine the percentage tilt in the output. 
(c) Find the lowest frequency square wave which gives not more than 2% tilt. 
= (Anes. (a) 2.6525 Hz, (b) P = 4.167%, (c) f = 417 Hz) 


Fig. 10.97 The given cireuit for P10.10. 


CHAPTER 


1 1 Feedback Amplifiers 


11.1 INTRODUCTION 


Feedback is considered to be one of the fundamental processes in nature. For example, 
balancing the bicyele run, the mechanism of the hand-eve coordination to turn the page, the 
accelerator and brake control we uge to drive an automobile at constant speed, maintaining 
constant internal body temperature, or the natural population control in an ecosystem ete. 
In fact, there are so many examples, where feedback constitutes a vital mechanism for the 
very operation. 

In feedback, a portion of the output is returned to the input to form a part of the system 
excitation, This action, when appropriately applied, tends to make the system self-regulat- 
ing, Le., the system tends to stabilize and minimizes oscillations. 

Feedback is also used to make the operating point of a transistor insensitive to both 
manufacturing variation of {;** and temperature. In common emitter configuration, addition 
of a resistance Re in the emitter circuit provides a -ve feedback and it helps to maintain 
constant gain if #= a@(1 — @)) varies. The bandwidth of an op-amp having feedback resistances 
(to and Ay) between the output and the input points is greater. 

The high input resistance and low output resistance of an emitter follower (source 
follower) is also an example of feedback. 

The negative feedback operation renders the advantages such as control of impedance, 
handwidth improvement and rendering circuit performance relatively insensitive to manu- 
facturing/environmental variations. Thus, by using the negative feedback, precision in the 
control systems can easily be achieved, besides other benefits as will be discussed in this 
cha] wer 

The input signal to the amplifier is proportional to the difference between the excitation 
and the fraction of the output signal in the case of negative feedbacks, We shall study its 
effects in detail. 


“8, refers to DC/fquiescent state value of §. It will be seen later that the symbol f will also be 
used as a fraction of open loop gain which is fedback. We shall clarify this aspect as we progress. 
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There are the following disadvantages of the feedback: 


(i) The gain gets reduced by negative feedback. 


(ii) With positive feedback the amplifier may oscillate and be rendered useless. We, 


however, intentionally provide positive feedback for the case of oscillators. 


(i) The Miller effect multiplication of C, (or C,, in FETs), which reduces to upper 


3-d5 frequency, is an undesirable effect of the negative feedback. 


(iv) The parasitic elements such as the capacitance between the input and the output 


leads of an IC package simulate unwanted feedback effects. 


We shall discuss the following topics in this chapter 


11.2 


Classification of controlled amplifiers of four types 

The feedback concept, how it works 

Feedback amplifier topologies viz. shunt-shunt, shunt-series, series-series and se- 
ries-shunt 

The ideal feedback amplifier, explaining the basic assumptions made, the return 
ratio (T) and calculation of feedback amplifier gain (Ap) 

Properties of negative feedback amplifiers. Its effect on sensitivity, non-linear distor- 
tion noise, and the bandwidth 

Impedance transformation by negative feedback due to the four types of topologies 
Approximate analysis of feedback amplifiers 


CLASSIFICATION OF CONTROLLED AMPLIFIERS 


Most of the amplifiers simulate controlled sources. This implies that an amplifier, designed 
in practice, aims at obtaining either a voltage controlled voltage source amplifier (VCVS) or 
a current controlled current source (CCCS), or a voltage controlled current source (VCCS) 
or a current controlled voltage source (CCVS). The ideal amplifiers should have either 
infinite input impedance (VCVS and VCCS) or infinite output impedance (CCCS, VCCS8) or 
zero input impedance (CCCS, CCVS) or zero output impedance (VCVS and CCVS). However, 
it is not possible to achieve zero/infinite input or output impedances. The negative feedback, 
as we shall see in this chapter, will render the practically designed amplifier more close to 
the ideal (desired) ones. We first describe, briefly the four types of amplifiers. 


The voltage amplifier: It resembles a practical op-amp circuit. Refer to Fig. 11.1. 


Voltage amplifier 
Fig. 11.1 Equivalent circuit of a voltage amplifier (To simulate VCVS). 
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Ideally R,==, Hy, =0 
If Ry, >> Ry and Rs << R, then 
Vp = AyV; = AyVs (if Rs = 0, Ry = =) 


ra 222 (Open circuit voltage gain) (11.1) 
i Aya= 


It is called a voltage-voltage converter and is a VCVS category. 


The current amplifier: An ideal current controlled current source has Rg 4 ~, Ry + = 
and A; —» 0. If R, << A, then referring Fig. 11.2, we have 
Ip = Ajl; (if Ry >> Ry) 
# Ade (if R, << Rg) 


A; -2, when A, = 0 
5 


Thus, (Short circuit current gain) (11.2) 
i Ay =O 


Current amplifier 
Fig. 11.2 Current amplifier equivalent circuit (To simulate COCS). 


Hence, the current amplifier in Fig. 11.2 acts as a CCCS. 


The voltage-current converter (Transconductance amplifier): An ideal 
transconductance amplifier has R; ~ ~, Ry + =. Referring Fig. 11.3, we write: 


Voltage-current amplifier circuit 
Fig. 11.3 Voltage-current amplifier circuit (To simulate VOCS). 
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R; >> Re and R, << Ry 
Io ~ Gy¥i = Gy Vs 


mat 


(Short-circuit transconductance) (11.3) 


The circuit in Fig. 11.3 acts as a VCCS. 


The current-voltage converter (Transimpedance amplifier): For ideal cases Rg + =, 
Ro — 0. Practically, R; << Rs, Ry << Ay. Then, in Fig. 11.4 we can write: 


Fig. 11.4 Current-to-voltage (transimpedance) amplifier equivalent cireuit 
(To simulate CCVS). 


Vp = Bol 
al mig 


gz att (Open-circuit transimpedance) (11.4) 


Bul 


tle, t= 
Hence, the circuit in Fig. 11.4 acts as a CCVS. 
Table 11.1 Basic Amplifier Characteristics 


Parameter 
Z; eo; Z, >> Re 0; Z, << Re oo, Z) >> Re 


£0 0; 2p << Ry oo, Zy >> Ry, oe Zp >> Fi 0; Z, << Ry, 
Gain or Vy = AyVs Ip = Ails iy = GV Vp = 2ntg 
Transfer ratio 


Circuit model Fig. 11.1 Fig. 11.2 Fig. 11.3 Fig. 11.4 


In the first two rows (i.e., 2; and Z,), the ideal values are those shown first and the 
practical values follow 0 or = thereon. In the third row (Gain or transfer ratio) if we replace 
almost equal signs (=) by equality signs (=), we shall get ideal controlled sources. As ideal 
values are impossible to achieve, the negative feedback methodology achieves “almost” ideal 
values. 
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11.3 THE FEEDBACK CONCEPT 


The use of feedback can make practical amplifier characteristics approach those of ideal 
amplifiers. For each amplifier, we sample (analog value) the output signal by a suitable 
network and transmit this (sampled) signal back to the input signal through a feedback 
network. The original input signal and the feedback signal are summed (compared, i-e., 
difference found) by means of a mixer network. This combined (summed up) signal is applied 
to the input of the basic amplifier. The main constituent elements of a feedback system are 
shown in Fig. 11.5. 


(a) The signal source (Input). It represents the signal to be amplified. It may be a 
voltage source Vg in series with Rs or a current source J; in shunt with Rg. 


Feedback amplifier 
Fig. 11.6 The structure of a single-loop feedback amplifier. The basic amplifier 
may be any of the four circuits shown in Figs. 11.1 to 11.4, 

(b) The output signal. It can be either a voltage across or the current in the load 
resistance A, (or impedance Z,). It is the output signal that we desire to be inde- 
pendent of the load and insensitive to parameter variations in the basic amplifier. 

ic) The sampling network: It provides a measure of the output signal, i.c., a signal 
proportional to the output. Two sampling networks are shown in Fig. 11.6. 


Voltage gampler Current sampler 
Te = Gomes” 
‘ 


‘current 


sampled (I,) 
signal 
(a) "Shunt-connection” type sampling network (b) “Series-connection” type sampling network 
(V, is sampled here) (Current J, ia aampled here) 


Fig. 11.6 Two types of sampling methods. 


Hidden page 
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For example, in Fig. 11.2, if, say, A, increases due to § variation (say) then J, and, 
therefore, J; also increases. The value J; = J; — J; decreases, 1e., the driving current 
to the basic amplifier decreases which decreases the amplifier's output, thus offsetting 
the effect of the increased A,;. This action is the basis of negative feedback. The 
summing network provides a difference signal, the amplifier output changes in a 
direction opposite to the change in the output. The net effect is to maintain a 
constant output signal which is independent of variations in gain (Ay or A; or 
G,, OF Z,,). 


114 FEEDBACK AMPLIFIER TOPOLOGIES 


As there are four types of basic amplifier topologies each approximating the characteristics 
of an ideal controlled source, so there are four basic signal-loop feedback amplifier topolo- 
gies. These are as follows: 

(i) Shunt-shunt. Input ports of feedback network connected in parallel to input signal 
and output of the amplifier also connected in parallel to the summing network via 
feedback network. Thus, here the currents are compared and voltage is sampled. 

(ii) Shunt-series. Currents are compared and output currents are sampled. 

(ii) Sertes-series. Voltages compared and output currents sampled. 

(iv) Series-shuni. Voltages compared and output voltages sampled. 

The first part of the nomenclature of these four topologies indicates the mechanism of 
summing or comparison. We can sum voltages in series and currents in shunt. Similarly, the 
second part of the nomenclature gives the method of sampling. We can sample voltage (V;) 
by shunt connection and we sample current (J,) by series. 

Note: An alternative (old scheme as in many books) is based on the nomenclature 


where the first part indicates the quantity sampled, followed by input connection (mixing 
method) we shall, however, follow the new names. 


New names Old names 
(Input connection, Output connection) (Quantity sampled, Input connection) 


Shunt—shunt Voltage—shunt 


Shunt—series Current—shunt 
Series—series Current—eeries 
Series—shunt Voltage—series 


The impedance levels decrease when the networks are connected in parallel and impedance 
levels increase when connected in series. Thus, for shunt-shunt configuration we expect low 
input and low output impedance. Similarly, in shunt-series, we expect low input and high 
output impedance. This also implies that if we wish to increase the input impedance for the 
feedback amplifier, we may choose either series-series or series-ehunit configuration. Similarly, 
if we wish to decrease output impedance, the topologies shunt-shunt or series-shunt may be 
chosen. 
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11.5 THE IDEAL FEEDBACK AMPLIFIER 


Each of the four feedback amplifier (FBA) topologies has several common characteristics. A 
generic representation of a feedback amplifier is shown in Fig. 11.8. 

In Fig. 11.8, the input signal Xs, the output signal Xp, the feedback signal X; and the 
difference (comparison) signal X; each represents either a voltage or the current £ is a 
summing network. Thus, 


X; = Xg +X (11.5) 


Fig. 11.8 <A feedback amplifier model (generic) (a) block diagram, 
(b) signal-flow graph representation. 


Note: In Fig. 11.8(b), the arrows indicate the gains and nodal values or the output ‘potential’ 
or ‘voltage’ at the node. When an arrow has been shown with a parameter/scaling factor then 
the signal gets multiplied by this scaling factor. A blank arrow (with no scaling factor 
shown) implies a sealing factor of unity, i.e., the signal just passes with no change. 

The signal X; is the output of the summing network. If the feedback signal X; is 180° 
out of phase with the input Xg, as is true in negative-feedback systems, then |X;| = |Xg| 
= |X;|, ie., |X;| decreases as |X;| increases. 
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Table 11.2 Signals and Transfer Ratios in Feedback Amplifiers 
Along with Various Other Parameters 


Feedback Topology 
Signal Shunt-shunt Shunt-series Series-series Series-shunt 
or Ratio 


Voltage (V,) Current (J,) Current (Jy) Voltage (Vp) 
Ag, = Ay Current Current Voltage Voltage 


ls, J. Jp (ls, Li Ip (Vs, Vi, Va (Vs, Vi. VA 
A = Ao, Voll ol I; IgV; Vol ¥; 
(a ratio) (Zia) (G,.) (Ay 
B (a ratio) Vo V;IVo 


— (11.6) 


The transfer ratio § is often a real number but, in general, is a function of frequency. 
(Note that § used here is NOT the one used in BJT which was the CE short circuit current 
gain). 

The name reverse transmission associated with # 1s logical, as it indicates the “fraction 
of output signal” (= AX,) that is fedback (in the reverse direction). 

The open loop gain of the amplifier A, is defined by 


A 
Ac? : 
XY (11.7) 


We may also use the symbol Ap; (instead of A) for open loop gain. 
From Eqs. (11.6) and (11.7), we have 


An = 
Agf=22y tf 
xX; "as 


xX 
or Apa=—l (11.8) 
The gain with feedback is obtained by 


Xo Xo . KE, =X +X, 
Hi =z = ' 3 f 
Feedback gain: Ap i, i,-z; ki need 
X,/X, a as 
= . & denom by X; 
1-x,/X, (Dividing num m by .X;) 


A  XgiX, =A, from Eq. (11.7) 
1-AB and X,/X, =A, from Eq. (11.8) 
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A 
s Feedback gain Ap = —~— = —“ — (11.9) 
(closed-loop gain) 


1-Af 1-Agf 


where Ag; = transfer function without feedback (open-loop gain) 
For negative feedback, |Ar| < |A|; and |1 = Af| > 1. 

Note that if f= 0 (i.e. no feedback) then Ar =A, as expected. A is called open-loop gain 
(68 = 0) and often denoted as A,,. Ag (when § # 0) is also called closed-loop gain. 

If |Ag| < |Apz|, it is negative feedback, if |Ay| > |Ag,|, it is positive feedback case. 
We do not let |Ap| exceed |Ag,| in negative feedback circuits. We may let |Ap| exceed 
|Ag,| in oscillators (see Chapter 12). Where we use A, it would be taken as Ap, in this 
chapter. 


The return ratio or loop gain (T): It is seen in Fig. 11.8 that the signal 4; is multiplied 
by A in passing through the amplifier and then by § in transmission through the feedback 
network. Such a path takes us from the amplifier input X; to its output AX, to AAX; to the 
input point again. The product —Af is called loop gain or return ratio T. Thus, Eq. (11.9) 


can be written as: 
-—A__ Ag _ Aon 
“Tag iar F (11.10) 
where T = -Af and T > 0 for -ve feedback, i.e. T is always a +ve quantity. 
In the literature, another parameter called return difference F is aleo mentioned. We 
define F by 


Fel+f (11.11) 


We shall see that the factor (1 + T) appears in many calculations. 

The return ratio (—Af) is the negative of the ratio of the fedback signal (X;) to the 
amplifier input (X;). Often, the quantity F = 1 — Af = 1 + T is referred to as the return 
difference. Jn negative feedback case, both T and F are positive quantities (In some standard 
books symbol D is used instead of F here). 


To defermine Ay from signal flow graph: From the signal flow graph, Fig. 11.9, we 
have 


Xj = Xs + [Xo 
ie, X; = Xg + BAX; (+ Xo = AX) 
+8 
1 
Xy x, x, X 
(= Xy + BX) (= AX) 


Fig. 11.9 The signal-flow graph of ideal feedback amplifier. 
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os X; — BAX; = Xs 
xX 1 

= X¥, 1-BA 
Xp _AX;__ A 


(11.12) 


as found earlier. Thus, the signal-flow graph method is simpler for calculation of feedback 
gain Ap. 

Before we tackle practical questions/numericals, we make some assumptions for obtaining 
approximate results. Thereafter, we shall explain the procedure to obtain exact results in 
feedback analysis. 


Fundamental assumptions: Three major assumption® made (for approximate analysis) 
in the ideal feedback amplifiers, are as follows: 


1, The feedback network is unilaterial. It implies that the input signal is transmitted 
to the output through the amplifier A and NOT through the feedback network B. If 
the amplifier is deactivated by making A = 0 (say, by making g,, = 0 in the tran- 
sistor) then the output signal must become zero. 


2. The amplifier A ts unilateral and transmits signal only from the input to the output, 
i.e. the feedback signal (§X,) is transmitted from output to the input through the 
feedback network only, and not through other path. 


3. The transfer ratio § is independent of the source and load resistances Rg and R,, 
respectively. 
In practical amplifiers, the feedback network usually consists of passive elements 
(R, C, L) and thus transmits a signal from input to output also. Also, both A and are 
affected by the load and source resistances. Such deviations from the idealities, can, however, 
be ignored in the approximate analysis method, which we propose in Section 11.8. 


EXAMPLE 11.1 


A feedback amplifier is to be designed to have a closed-loop gain of 50 + 0.1. The basic 
amplifier has a gain which can be controlled to within +10%. Determine the values of open- 
loop gain, the return ratio and the reverse transmission f of the feedback network. 


Solution: Here Ap; = Aq, with + 10% variation. Let exact open loop gain (ideal) = 
Ag, = A, say 


and T =| fAy,; |= 8A (ideal) call BA = B, (say) 


As (ideal) 


A 
rote ss 
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Again when Ag, = 0.9A, Ar = 50 - 0.01 = 49.99 


0.9A 
1+ A(0.9.4) 


49.99 = 
49.99(1 + 0.984) = 0.94 
or 49.99 + 0.94(49.996 - 1) = 0 (ii) 
Solving Eqs. (i) and (ii) for A and 8, 
50.01 + LLA(S0.018-1)=0 | = 09 
49.99 + O.9A(49.998 -1)=0 | x (-1.1) 
(50.01 x 0.9 - 49.99 x 1.1) + AP[1.1 « 0.9 x 50.01 - 1.1 x 0.9 x 49.99] = 0 
or -9.98 = -1.1 x 0.9Af150.01 — 49.99) 
or AB = +9.9841.1 x 0.9 = 0.02) = + 504.040404 
Putting Af = —604.040404 in Eq. (i), we obtain 
60.01 + 1.1 x 50.01(+ 504.040404) = 1.14 


or 50.01 + 27727.76666 = 1.14 
or A= + 25252.525 Ams. 
B = +504.040404/(+25252.525) = 0.01996 Ans. 
Check When Ag, = 0.9 x 25252.525 = 22727.2725 (i.e. 10% below ideal value) 
27272725 
Then Apr, = : 


(1 + 0.01996 x 22727.2725) 
49.990002 = 49.99 
When Ag. = 1.1 * 25252.525 = 27777.7775 (i.e. 10% above ideal value) 
rr 27T7TTT.7776 
(1 + 0.01995 x 27777.7775) 
= 60.010002 = 50.01 
Thus, the values of Ag, = 25252.525 and f = 0.01996 are correct. Ans. 


Note: It may be seen that if wish to have very small variation of the gain (as was the case 
in this example, we require the open loop gain A,, very high (as in the Op-ams) and 
sufficient feedback constant ff. 


Then Ar 


11.6 PROPERTIES OF NEGATIVE FEEDBACK AMPLIFIERS 


1 7 1 
1+T 1- A 
advantages, and that is why it is very popular, and extensively used in practical situations. 


The negative feedback reduces the gain (by a factor ). But there are other 
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Again if AT = -25 then 


Ap 49 1449-25 49 
Thus 50% variation in T has produced variation in Ag from —2% to 2/3% only. This 
illustrates the effectiveness of the negative feedback. Thus, the closed-loop gain Ap can be 
controlled precisely even when the internal amplifier gain A varies substantially. Note that 


[due to Eq. (11.15)] 


As fis the transfer function of the usually passive feedback network, Af is essentially 
indepenent of the gain Ag, of the basic amplifier. Ay depends only on the ratio (/)) of passive 
components. For similar reason, we observe that in operational amplifiers (Op-amp), the 
inverting and also non-inverting gains are proportional to —Ry/R, or (1 + Re/R,), i.e. on the 
ratio A/F, and not on the open loop gain of the Op-amp. 


11.6.2 Non-linear Distortion (Effect of Negative Feedback on 
Distortion) 


Obtaining a distortionless amplified signal is always a desired feature. Practically, an amplifier 
may behave linear for small signals. However, for large input signals, it becomes non-linear, 
and the output waveform is distorted. 

A typical voltage amplifier is shown in Fig. 11.10 and its transfer characteristic in 
Fig. 11.11. The slope of the transfer characteristic curve in Fig. 11.11 gives the voltage gain. 
The voltage gain Ay here is 100 for |v;| = 40 mV. In the non-linear portion, the voltage gain 
Ay is < 100 and Ay is zero for |v;| 2 60 mV (In a BJT, when Ay = 0, it corresponds to cutoff 
or saturation region). Thus, in the given characteristic, there is distortion in the output Vp 
for |v;| > 40 mV. We may express it analytically, typically as follows: 


100.J0;| for |v, |s40mV 
IV, |=4100.]v, |-(50|o,|-2)*, 40 ¢]v,|s60mV (11.19) 
5, |v |260mV 


Fig. 11.10 An ideal amplifier. 
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or Ag. = —-1285 (v it ig a negative amplifier) 
(a) Here 8 = 1.2% = 0.012 


T = —BAg, = B-Ag,) = 0.012 x 1285 = 15.42 
Output is fundamental, 


By lwith feedback =Vs.Ap 
= |Aaz | 
0.028 1+T 
12385. 
af .025 ——— 
= 1+15.42 
=3.19 VV Anes. 
Note that with feedback, the distortion voltage is: 
B 


Bs | ich teedback =] 


- 0.07 x 36 = 2.52 
1415.42 1415.42 
Thus, with 1.2% feedback, the fundamental (B,) as well as the distortion (B,) get re- 


duced by a factor (1 + T). In unfedback case B, = 36 V, By = 2.52 V. With 1.2% negative 
feedback, 


=0.1535V (i.e., 7% of the lst harmonic) 


By = 2.19 V 
Bor = 0.1535 V 
Note that with -ve feedback, both B, and By get reduced by a factor 1/1 + T and 
percentage viz. Bs-/B,- remains unchanged if input Vg is kept constant. 
(b) Here, the output By, = 36 V 
Bor = 1% of Bip = 1% of 36 V 
i By _1 {: 2nd harmonic with no feedback = 7% 
B, 7 - 2nd harmonic with feedback = 1% 


B 
a - = 
But Bar acer) 7 1+T=T o TeG 
and | Ag j= ton! - : = 183.57 


The new input is Vs = 0.196 V which yields an output of By- = 36 V and Bop = 1% of 
By. Ans. 
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V. 
The situation here is as if the “signal input” is [v. + Za to an amplifier with gain 
(A,Aq) alongwith feedback network (9%). Thus we can write V, = (Input signal) = (Gain of 
feedback amplifier) Le. 


_ ¥. AyAy 
vo(". oa pry tr 


-y —4 


Ady yy 

"1+ BAA, 1+ BAA, 

—— — 
Signal part + noise part 
y, Aida 

Output SNR = —** Fade 


ll 
1+ BA,A, 


Va 


With feedback, SNR = Ay = A, x SNR (with no feedback) (11.25) 


Thus, O/P SNR is Ay times that of the earlier case (A, only). Ay may only be a voltage 
amplifier, with low current drain from power supply, hence legs noisy. In general, hum noise 
is due to high current. For low currents, power supply hum noise may be negligible and 
therefore, Ay behaves as noiseless amplifier. 


An alternative proof of noise reduction: The noise reduction is achieved by feeding 
back the ‘noisy output’ such that a stage before the noisy amplifier stage is ‘noiseless’. 
Figure 11.21 shows a noisy amplifier Aj. 


Aju, + v,) 


Fig. 11.21 A noise signal introduced by a noisy amplifier. 


Lf amplifier A, is nowy, then 


LD 
Input SNR = = 
a 
U U 
and Output SNR = oe = a = Input SNR 
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Now, precede A, (noisy amplifier) by an amplifier Ay (a noiseless amplifier) and allow 
overall negative feedback, as shown in Fig. 11.22. 


u,, (Due to A, 
noisy amplifier) 


A, (Agu, + u,) = Vy 


Fig. 11.22 Direct proof of noise reduction by using Ay a noiseless amplifier 
before a noisy amplifier, A,;. Amplifier A; adds noise v, to ite output signal. 


Input is v,, Aglideal), (Ay and v,) noisy amplifier, 
Vin = Uy + BV = v, + PLA\AWin + Avy) (i) 
. (1 — BA,Ag,, = v, + BA, 
or Vin = (uy + AA, (1 — fA,Ag) (ii) 
Now, Vo = ApAgu,, + A, 


A 
= AjAy a +Aw, — (using (ii) 


~ Ate Ay, | 


-—yAg, Ay 
1-fA,A, 1- BAA, 


Tern +Le]-am, (420) 
Ay Ay 


BAyAg 
1- fA,A, 


1= BA,A, 
Clearly, 
Teel. = —» =, % = A, x Input SNR (without A, and with no feedback) 
Noise |¢ output ts Un 
Ay iy 


This is the same result as in Eq. 11.25, obtained earlier. 


EXAMPLE 11.5 


Consider a power-output stage with voltage gain A, = 1, an input signal V,= 1 V, and a hum 
signal V, of 1 V. Assume that this power stage is preceded by a small signal with gain A, 
= 100 V/V and that overall feedback with § = 1 is applied. If Vs; and V,, remain unchanged, 
find the signal and noise voltages at the output and hence the improvement in S/N ratio. 
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EXAMPLE 11.7 


Consider the non-inverting operational amplifier of Example 11.6. Let the open-loop gain A 
have a low frequency values of 10° and a uniform —6 dB/octave roll off at high frequencies 
with a 3 dB frequency of 100 Hz. Find the low frequency gain and the upper 3 dB frequency 
of a closed-loop amplifier, with A, = 1 kO, Ry = 9 kQ. 

Solution: Refer to Fig. 11.24 and Fig. 11.25 showing various parameters. As in Example 
11.6, 


B= _ a ee 
 R, +R, 14+9 10 


A,,= 9.99 


i] oy ay low ao 
(100 Hz) (100.01 KHZ) 


@y = 100 He upper 3 dB cut off with no feedback 
Ay = 10° mid band (de frequency) gain 


Fig. 11.25 Frequency response given in Ex. 11.7. 


A 
Now, A a 
mM (1+ BAy) 
4 
-—1 _.. 0 9.99001 Ang, 
1+—~x10* 
+50" 
and Mgr = aty{l + BAg) 


1001 ; = «10! = 100(1001) = 100100 = 100.01 kHZ Ans. 


11.7 IMPEDANCE IN FEEDBACK AMPLIFIERS 


The ideal input and output impedances of amplifiers can never be achieved in practice. 
However, it is possible to improve upon the impedances by the use of negative feedback 
technique. In this section, we shall show that the feedback amplifiers can be used to make 
practical amplifier characteristics approximate those of ideal amplifiers. To do so we shall 
require that the input and the output resistances (impedances) of the feedback amplifiers 
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v ,--%_-L 
or i; F 1-fA 14T (11.27) 


For shunt-series or shunt-shunt, Ai < RB; as (1+ T) is always 2 1 for negative feedback. 
Clearly, when f= 0, ie, T=0 then Ryp|,_,=F,, the no feedback case. 

Note: In Fig. 11.27, Is and J; are of opposite phase, hence J, has lower magnitude than that of 
Ie. This causes lower value of W= 1,8) than I, . Ay. A low voltage drop across the input is 
equivalent to lower impedance offered by the input device, i.e., low input offered by the amplifier. 
Output Impedance Rop: 


(a) Shunt sampling on output side: When the output of a feedback amplifier employs a 
shunt connection, negative feedback reduces the output impedance. This statement is true for 
both shunt-shunt as well as series-shunt, Le., irrespective of the input connections. Assuming 
8 independent of load resistance and the output voltage V, is due to basic amplifier, Le., AX;. 


We know that, see Fig. 11.28, R, I 
Vo = ApXs id 
A 
ie 5 = Xg 
1-fA AX. 
3 


(° shorting terminals 1 and 2 


Vi 
renders V, = 0, this amounts to J = 0) Rue = 
Rop =: Vo AX Al- fA) __ No Fig. 11.28 Shunt output connection 
Fig: AXgiRy 1- fA to compute Agr. 
Hence Ror = ac = er = *.. ** (for series-shunt and for shunt-series) 
ec |«(1- 
(11.28) 


Clearly, when 6 = 0, Rop|,_, =o» a8 expected. 


(b) Series sampling on output side. The output impedance is increased when a negative- 
feedback amplifier employs a series-connected output (and is independent of the input 
configuration, Le., whether it is series-series or shunt-series). Consider Fig. 11.29. To find 
Ry, disconnect X¢ (no signal), apply a voltage V across terminals 1 and 2, measure current I. 


**Or directly (alternative proof) 


To find Rog, disconnect Xs, apply a voltage, say, V across terminals 1 and 2 and find current f. 
Then Wi = Ror. 


Here AX; = A(Xs + Xp = A(O + FV) = APV 
=U - AX) _W-AAV) _ 1-8 
Ry Ry | OR 


vo R 
Ry =—= = ——"—., as expected 
eer Gf eT 
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Then Ror = Vil. 
As AX, = A(Xs + Xp 
= A(0 + BI) ~ Xs = 0 and X= 6h 
V V 
oe are + ere 
R, ~ ‘Ry 


(assuming drop in # network 
to be zero volt) 


or i(1-Af)=— 


Fig. 11.29 Series output connection 
to compute Roe. 


(11.29) 


for series-shunt and for shunt-series 
Table 11.4 gives the various useful results for ready reference. 


Table 11.4 Properties of Feedback Amplifier Structures Showing 
Various Parameters and Ryp, Ror 


| Shunt-shunt | Current to voltage} Current Voltage 
_ converter (Z,,) UIs, Ip ve RA + T) ryt t + T) 


Shunt-series | Current amplifier Current Current Wi High 
(Ap UIs, I) (Iq) aaa + Ty Roll + T) 
converter (G,,) (Vs, VA (Th) Rl + T) Rll + 7) 
Series-shunt | Voltage amplifier = | Voltage High Low 
(Av) (Vs, V; (Vo) RAl + T Ro'(1 + T) | 


*tAlternativly ===” 
If we short terminals 1 and 2 to get Ise, then we can write 
A 
loo = 1g = -AgXy = -——X 
ac ™—49 Fg 1- BA 8 


Vor = ~AX Ry = -ARg(Xs + 0) = -ARpAs 
[: with 1, 2 open cireuit )=0 « §i, = A; = 0 (Note this step)] 


i = Ryp = —— 2-2 a et +T), a8 expected. 
i- pa 
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Solution [Topology determination): 


Fig. 11.30 Emitter follower (Given circuit), Fig. 11.31 The circuit of emitter follower 
Ex. 11.8. without feedback (to find Ag, 
OF An) 


The input V; contains a component Rg which is connected to the output voltage V5. 

Clearly, the input is the series connected topology and 
V; = Vg + Ve (v A; = Xs + Xp 

The feedback voltage Vy is measured across RK, and the polarity of Vy is so 
chosen to make X; = X5 + X;in the summing network. So polarity of V; is as shown 
in Fig. 11.30. 

Note that V; is negative of Vp. As Vp increases, V; = Vs + V; decreases, so it is the case 
of -ve feedback. 

To decide upon output topology, if we short-circuit the output terminal, i.e., make 
Rg = 0 then Vp becomes zero. It also makes V; = 0. Thus, output is shunt connected topology 
and the emitter follower topology is series-shunt. We expect high Rye and low Roe. 


[The amplifier circuit without feedback 

[To find Ag] 

Input circuit 

Set Vp = 0 to avoid feeding back. Being shunt an output side, setting Vp = 0 makes V; = O. 


We can set V, = 0 by shorting the output node, i.c., put Rg = 0. This makes V; appear 
directly across B and £. 


Output circuit 


As input is series topology, we must set J; = 0 to avoid feedback voltage reach input, Le., 
make AR, = ». Then seen from output side, Ry appears in the output loop. 

Doing so, Fig. 11.31 is drawn corresponding to emitter follower ‘without feedback’. The 
voltages V,) and V; are shown with signs consistent with Fig. 11.30. , 

Figure 11.32 is equivalent of Fig. 11.31 replacing the active device BJT by its ac model. 
In Figs. 11.32, we have 


614 


xa" pe Ry = Relig Ry 
(= K+ kg 
Fig. 11.32 The equivalent circuit of circuit in Fig. 11.31 when the BJT is replaced by 
its ac model, 
V, 
VWe=-Vo «. fa fea-1 
f 0 Vo 
Vo = 8mVe- Ry (where Rg = rp|| Re) 
ees 
- Rg +r, 
Vo = Emi’ _Vshe_ 
. Rs +T, 
Vy (gr ue 
Ag, =—) = Snes. 
and v," Retr. 
r= 7 _ AoFts 
PT =—fAg, =-(-1)Ag, = Rs +1, Cv Beals = By and B = -1) 
fyR'p Rs +r) 
Ap = Aart _ 3 = 
nee FO tT 1+ AR lRg +e) 
= fae _ - Ans. i 
s Ap Rt, oF re + AP's ” 
If Rp << ry then Ae = Re||rp = Rg, and we get 
A, - Poe __ 
Rs +r, + Ayhte 
Note that for common-emitter, we had obtained 
ie (f + lik, Gi) 


7 Re, +r, +1) + lRe 


which, for 8, >> 1 is eqdal to —_ foe _ 

4 ee Ry +r + Pole) 

The slight difference tn the two results (i) and (it) is attributed to neglecting the forward 
transmission of the feedback network, i.e., (ii) is exact and (i) is almost correct. 
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Fig. 11.38 The FET replaced by its small-signal low frequency model. 


Figure 11.28 is the small-signal model of Fig. 11.37. The current g,, Vig divides in two 
parallel links: rz; and (R + R,). Thus we can write J, = (g,,Vas) . ra(ra + Ry, + BE 


Z Ag, 228 —Sele_ lt ge 6 


Ve myth, +k "iy +h, +h 


pale-R Gi) 
Iq 
=e __ HR ies 
. Bag Ta + Ky, +R (iti) 
2 AR ath, +(1+ y)R 
MUON aoe r, +R, +R ev) 


aig _ Hikry +R, +R) 
FCU+T (ry +R, +(1 + wR)Ary +R, +R) 


ul 
a A, = ———___ 
Fry +R, +(1+ wR ) 
Rin, Ry = = both 
If R, is considered as an external load then 
HR __HR 


ra+ Rp +R\p iy atk 


Tsc =T |p, «0 = 
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ur 
Tor =T Bee =0 
~ oo ry + Ry, al, . 


Ron = Fa + R 
HR 
a 1+Ts- fa 4+ 
2 = =(r, +R) ——— 
For = Ro op at 
Py Ror = ra + (1 + oR 
If A, is a part of output impedance then feedback impedance 


RA, [ry + (1+ wR] 
h, = 
Ror = Ror | Ry, +h, +(1+ wok 


Or directly (assuming a resistance R, placed parallel to R, on RHS in Fig. 11.38) 


“ - (14+Tp.5) Cc 
Ror = Roo Gp)" Ron = Ry, |\(ry +R) 


R 
[(r,; + | 1+ 7+ Rit eal 
- wR 

[+ -aee| a 


(rg + ROR, ||, wR 
oat te et] Rb t G+ eR) tend in (vid) 
r, +(1+ wR +R, 


, Where R, =R, || R, 


cece eetiencime 
Fa +H, +R 


§ EXAMPLE 11.11 


621 


(vi) 


(vii) 


In the cireuit shown in Fig. 11.39, @, and @, are identical transistors having r, = 1 kQ and 


Em = 0.12. 
(a) Which amplifier type does this circuit approximate? 


(b) Determine the input and output resistances and the transfer ratio of the amplifier. 


Fig. 11.89 The given circuit, Ex. 11.11. 
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Solution (a) It is a CB-CE cascade, configuration. It has low input and high output im- 
pedance and hence corresponds to a current amplifier. 
(b) The low frequency equivalent circuit is shown in Fig. 11.40. 


Fig. 11.40 The low frequency equivalent circuit. 


Ay = Snhs = 0.1 x 1000 = 100 


Rin =;5- (for a CB case) 


1000 


e——#100 Ans. 
1+100 ° 
Ron = To of Qo += Ans. 
To find A, 442 
R 
=-|J _ Ry R.=-I Rglts __ 
[sx qa | Ss s Rs oki, 


(+ Rin << Rs) 
Veo = (8a Mei (3 od || 1 koa) 
= = Bima(—I Rig) X Seo =+g jf ef,, x 750 
Ty = 8m2Vea = BmalSmilsit, * 750) 
fo 
Is 
= 0.1% 0.1 * 10 x 750 = 75 


= Emam * Ren x 750 
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or vy = -200(u, — v,), Le., gives v; as a function of v, and vy Ans. 
(b) Given Vy = —4£0000; (due to inverting amplifier) 

a Vy = (—4000)[-200(u, — v,il 

or up = 8x 108 [. - a (- by = _ (given) 


EXAMPLE 11.13 


In the circuit shown in Fig. 11.42, @, and @, are identical transistors having r, = 1 kM and 
2 2 O.1D. 
(a) Which amplifier type does this circuit approximate.? 
(b) Determine the input and output resistances and find the transfer ratio of the amplifier. 


HAORWoeew 


Fig. 11.42 The given circuit, Ex. 11.13. 


Solution: (a) @, is common collector and @) is common emitter stage. Hence the given 
cireuit is cascade of CC and CE stages. As the Rj, of a CC is high and the Ag of the CE is 
low, therefore, the given circuit approximates a voltage amplifier. If A, is chosen a low 
resistance, the amplifier can be considered a voltage-to-current converter. 
(b) fh) = ate = 0.1 = 1000 = 100 
Ry = req + (1 + ByM Rg, || Re) (Input resistance of a CC) 


Re =Te= 1 kv ce Rr; || Ris = $0 |[1kQ=— ko 
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3 


Ry -1+(1+100)($)=76.76 40 


Ro = Req||ro = 0.6 kit as rp = = here. 


(1+ Ay Rg (1+100)x3 303 
CC = = = —_ =f), 99867 
ad rey t(1+ Bye, 1+(1+100)x3 304 


r, 1 

Ry, = Re lk =3 KOI" 0.00986 kQ = A, for second stage 

yy =~ oP. 100%06 
Re tte 0.00986 +1 

Ay = Ay, . Ay: = 0.9967 x (59.4) = -59.218 Ans. 


EXAMPLE 11.14 


(a) For the circuit shown in Fig. 11.43, determine Ag,;, T, 8 and Ap. Use the approximate 
analysis. 

(b) What is the feedback topology employed? 

(c) Obtain Ry and Rog. 


- 59.4 


Fig. 11.43 The given circuit (shunt-shunt configuration), Ex. 11.14. 


Solution: (b) This is shunt-shunt topoplogy. 
(a) To draw equivalent circuit without feedback [shown in Fig. (11.44)]. 
To draw input circuit: Short circuit Vp, i.e., make Vp = 0 (by making Re > 0). Therefore, 
Ry appears across B and E 
To draw output circuit: Short circuit V;,, ie., make V; = 0. (by making Rg > 0) 
Rp appears across Re 


= Ry || Rp = K,||Rp 
Fig. 11.45 After converting voltage source to current source, by using Norton's equivalent. 


The circuit in Fig. 11.44 is redrawn in Fig. 11.45 by replacing Vs and Rg (in Fig. 11.44) 
by a Norton equivalent. 


Assume ry = 0,rp9 = (Early effect impedance) 
V; a 
Aon = 70 = (“ALR 
RF’, I ‘ 
=-f—"S pe . p jg tts 
PyRe+r, Re (: a) 1sRe 
=~ fh RRp (Rs + Ry) Ro Rp 
RgRy (Rg +Rpe)+r, Re + Rp 
__,——FsRp _—_sRRp 


Br Rofip +7,( Reg +Rp) (Re + Rp) 


ee Ans, 
Vo Rp 


= BS eo eee iy Re Rg Rp 
De- Pao Fe} Ace (Ro +Rp Rg Rp +rp(Rs + Rp) 
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EXAMPLE 11.15 


For the circuit shown in Fig. 11.46, determine the small signal gain Vo/V,, the input resis- 
tance Rig and the output resistance Age. Assume § = 100 and r, = 1 kf for the transistor. 
(Assume Ipg = 2.5 mA and Vp = 25 mV) 


O+12V 


Fig. 11.46 The given circuit, Ex. 11.15. 


100 
Solution: AsJpg=2.5 mAand Vr=25 mV -. gm = 2.65/25 = 100. r,= Bim = TW /10) 


= 1000 ©. Being a —ve feedback with shunt-shunt topology, we first change signal source Vz 
to Is by using Norton's equivalent. 


Then 
Vy, 
Ao, ATS 
5 
where Is mes 
Rs 


Amplifier without feedback (to find Ag.) is shown in Fig. 11.47. (Use procedure as in 
Example 11.14) 


Vo = (Smt MRe|| Re) 
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ac model of Fig. 11.46 drawn without feedback but taking loading due Rp, Fg 


Fig. 11.47 
and A, (Here Ry = Re). 


V, 
a — Bm lity || Ro Ws | Re | F,) 
U, = IgfRs|| Rell ro] 


« 


= —100(47 |] 4.7)(10 |} 47] 1) é En = 75 U=100 mb 


= -—100(4.27)(0.89) = -380.88 x 10? 
and Ag, = —380.88 x 10" 0 
Now, V, Rr 


=—! _ 9.92127 «107 
47x10 
T= —BAgy, 
= — (0.02127 = 10 )-380.88 = 107) = 8.102 


With feedback, Ap = 
ith feedbac r=P 


_ 7380.88 x10" _ a 
Tseng heel 


ave Ma, fe 1 
tee ae ye [Take 15¥5 = 


=(-41.84 x10") ore — 4.184 
m = 10-10: Ang. 
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Thus, we have found 


Ao, = — 380.88 x 107 afie 4 | Ap =-41.84 x10" a[ 72] 


s g 
s 
T = 8.102 Ans. 


Aye seen by current or voltage source = 0.0986 kQ 


ia Ee =0.0978 kt: Wor = 0.469 kp 


Rip |), =10.0986kQ; Ror = 0.521 kQ. 


eI EXAMPLE 11.16 


In the amplifier circuit shown in Fig. 11.49, the transistors have 4, = 150 and [pg = 1.5 mA 
each, Determine (i) Ap and T, (ii) Aye and Ror. 


O + tee 


0,1 ket 


fp (6.2 a) 


4 


Fig. 11.49 The given circuit, Ex, 11.16. 


Solution: Series-shunt topology 
The amplifier without feedback but taking loading effect is depicted in Fig. 11.50. 
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= 19.298(1 + 9.71) = 206.65 ki 
Rip = Rip - Rs 
= 206.68 - 2.0 = 204.68 kf} Ans. 
Output side (Directly) 
Rop = Rop|| i 
= 1.008 kf)||4.7 kQ = 830 0 
(- Rop = 1.2]|(6.2 + 0.1) K = 1.008 ka) 
R= 830 830 
we G47) (149.71) 
(being series-shunt topology i.e., shunt on output side) 


Ror = 77.6 = 4700 
F 4700 -77.5 


| | EXAMPLE 11.17 


(a) For the circuit shown in Fig. 11.51, determine T, Ag, and Ar. 
(b) Evaluate Rog. The MOSFETs have g,, = 1 mQ, r; = 20 kQ 


= 77.50 


=78.790 Ana. 


10 le 
Fig. 11.51 The given circuit, Ex. 11.17. 


Solution: This is a series-shunt connection. The equivalent circuit, without feedback but 
taking loading effect is as shown in Fig. 11.52. 

Input circuit: Short circuit R,. 

. Vo = 0 and Rp appears || to 0.47 kQ 


Output circuit: Open the input, ie. make Rs = ~, therefore, (0.47 kf} + Rp) appears in 
parallel to R, as shown. Figure 11.53 shown the ac equivalent circuit of Fig. 11.52. 
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Vay _ 125 


= 600 kt} 
Then ee 
and Foo =~ O as Vis = 


IT, £ 0.82 
P70" Ty 304088 


(- Jy = J and Jf, is the net current thro’ parallel resistors 20 kQ and 0.82 kQ) 


Now, 


A, | — fo _ fo Aya Jen I 
1 We fedbect “Te Tye Ley Im Ig 


In Fig. 11.56, we observe that (assuming rp, = =) 


Jo. g, =150; Tos = g = 200; 
ba. Iiy 
20 


Tey Re + Bigg Rey + Ugg + 11 + 8, K20||0.82)) 20 + [7.5 + (1 + 150920 |] 0.82)] 


Ty, _ (Rg |]20.82) (1) |J(20.82) 0.954 
Is ty + (Rg |} 20.82) 20+(1|)20.82) 20+0.954 


a0 0.954 
A = (150) —_———_ (200) ._——_—-— 
1 ly feedback 20 + 126.4 ( 20 + 0.954 


If ro, = 500 kQ for @, is also taken into account, A; gets modified to Ry, = Ae) || ro = 
20 kf2||/500 = 19.2 kO. Then 


= 186.59 


| ee ET 


At bye tweabecr = 150) 7 > 505.4 209 55, 0.954 
(so small difference) 
T = ido, 
= —(-0.0394)(180.11) = 7.096 = 7.1 Ans. 
Ap = nh. = "= 22.36 Ans. 
Thus, Ajp = 22.36 Ans. 


Ayr = App . a = (22.36) == =124.5 Ans. 
a 


To find Ry 
Rip = Rs || Rip = 1 kQ1|(20 + 0.82)||20 kQ = 1 kQ|| 10.2 = 0.9107 ka 


= R 0.9107 
Be» = —8 = ————— = 0.1124 kn 
en'a4T)) 6147.1) 


RiexRs 0.1124x1 
Rie = See 196 Ee = 12 An 
WR, —-Rpe = 1-0.1194 ss = 


638 Electronic Devices and Circuits 


EXAMPLE 11.19 


In the two-stage feedback amplifier shown in Fig. 11.57, the transistors are identical and 
have the following parameters: 


A tor A,) = 50, r, (or A) = 2 ko, (o +}. and A,, = 0 
ot 


¥; 
Calculate: (a) App -/0. ib) Ry ame: ic) Ary ees (d) Ayr “7 where V; = IsRz. 
Is Is ry 3 


Fig. 11.57 The given feedback circuit, Ex. 11.19. 


Solution: Input side is clearly current missing and, therefore, shunt-topology. On the 
output side in Fig. 11.57, if we short Ap, to make V, = 0, the potential at the emitter of Q, 
does not become zero. The feedback current J; continues. Hence output sensing is not of Vp, 
but of J, .e. series-topology. Clearly, this is the case of shunt-series feedback topology. Figure 
11.58 shows an equivalent circuit without feedback but taking loading effect into account. 


Fig. 11.58 The equivalent circuit without feedback but taking loading effect. 
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Input circuit: 
Make Re; = = i.e. open circuit ©. (A, + Rg) appears across B, and earth, i.e. parallel to 
Rg. 
Output circuit: 
Short the shunt, ie, make Rg = 0 -. Ry appears in parallel with Rgo. 
Here, define 
Rs ™ Rs | (Ry + Reg! 


1x25 25 
=1 kg? ||(15 +10 kQ) = = —— kf} 
l 1+25 26 
26/26 2 25 50 
V., =(2) xT ee I cc — I 
a =(2)X 1s Xo 95/06 7 7S 
Also bmi =Bng = B= 2 = 25 md 
50 1250] 
Z, =R, =Meq + (1+ Aye ee 
where Rg: = Rez || Ry 
10%15 _ 
= 10 kf2||15 kQ = fo+15) 
R, = 2+ (1+ 50) = 6 = 308 kQ 
=(-2..V.)x —er__ 
Is Bm aX p+ Ry 
= (280s), 10__ (7) 22505 _ 7, ) 6250 
TT 10+ 308 Tix 159 777x159 
=e 7 fe) —2750__ 
Ty =1-Byg fg) =(-50K Ig) pp els 
I 
Ty.” At lenan oop = 25-52 
Also I, =(1+ Apo Et _.. 
| f 2 Rg, + Ry 
6250 10 
=(1+50) (ry 8250) x HO 2-15 x104 
i, - 
putt et Hy 


I, 25.621, 
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TeRea Rey 
(d) = 7 = fakes { 
ae Vs Isls “(iz —_ Rg 
= (2.27) ~ = 22.7 
: “c = Ay =2.27 rom 

Ts with feedback 

or Ayr = 22.7 Ans. 

i EXAMPLE 11.20 


In Fig. 11.59, transistors @, and @, are identical having &) = 50, r, = 1.1 kQ each. Make 
reasonable approximations where appropriate, and neglect the reactances of the capacitors 


(ie. C — CL). Calculate: (a) Aye =<, (b) Aye =22, where Vs = IsRg, (c) Ry and (d) Rop. 
5 8s 


Fig. 11.59 The given circuit with negative feedback, Ex. 11.20. 


Solution: This is clearly a shunt series topology. The output A; and Aes are parallel 


=<" =2.35 ka. If Ri, (= R,|\Rca) is open circuited then the feed current Ip is zeroised 


(because emitter of @), assumes zero potential for no current Ip, or Ig. This is shunt-series 
topology equivalent circuit without feedback which is shown in Fig. 11.60. 


Input side: When Ry is open circuited, there is no current in Ae, and therefore resistance 


15 kQ (Rp) in series with 0.1 kf (Reg) appears in parallel with Rg on the input ride, as 
shown in Fig. 11.60. 
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Output side: When Rs is shorted, the resistance 15 £O (Rp) appears in parallel with 
0.1kQ (Ags) on the output side in Fig. 11.60. 


=9ki 


(91) 11 (10) = 9 ki 
= 2.56 bef? 


Fig. 11.60 Equivalent circuit of amplifier without feedback, 


To find + with no feedback 
§ 
(4.7 02) ||(15.1 kQ)]| (9 kD) = 2.56 kA 


2.56 
2.56 +1.1 


Tox = Borly = 50(0.6994I5) = 34.97I5 
As Rig = rq + (1 + BK 15 kQ||0.1 ka) 
= 1.1 + (1 + 50)(0.0993) = 6.17 kQ 


fats = = 0.6994! . 


R 4.7||9 
I, =(-I y— Fea llRps  _(_y ) 
gC TR WN Rea) +Rg ot 4.7119) 46.17 
$.0876 
= 4 O7 —— ——————— wg = 1], 
(34.9715) se76 +617 ome 


Ieq = Bolg = (-11.6815) x 50 = -583I5 
vo = (TeaX4.7 |]4.7) = (+ 583%gM2.35) = 13702, 


1 
-=Ip 
Then Ay, = 10 = 2" [2 |S 88s _ 01 5 
md I a) JI 
5 5 5 


fp alg % 0.1 = (-S88Ig NOL) | _ a sar, 
15 + 0.1 15.1 
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Jig ey 
Teg (Rpg + Rigg) 
sng HO te 
7,075 + 75.26 — 
Ig 
= fy = 200 
Tyg 
typ _ Ry 
I, (Rr + Rina) Fig. 11.62a Explaining how to 
calculate J,5!I-». 
--— 4:95 ss _ a aa7as 
(4.95+5.0) 
I 
th = By = 200 
tay 
as 
Vs (Rs + Rent ) 
1 z= 
= —__>___ = 0.016556 «107° 5 
(0.60 + 59.8) 
Ag, = (200)-0.0859)(200)(—0.49748)(200)(0.016556 = 10~ = 5.4599 
-fi, Ry 
T=. = -| 1 __ | (5.6599 
Thus, BAo, tesa ) 
; 6 
- —[0.2x 0.33110" (5.6599) = 0.01819 x1000 =18.19 Ans. 
(0.2 + 0.33 + 20n0° 
5.6599 
= 2 os = q 7 
4-"T.r"isisis As 
(d) 1 = —AOLd = Ay Rpg = - 0.2949 Res II fag.) 
3 gs 
10 x 250 
=-0,2949 x 107 
<0 +250 
Vo 


+=- 6 Ans. 
Ve 2635.6 5 


EXAMPLE 11.22 


The FETs in the circuit shown in Fig. 11.63 are identical and have g,, = 2 mt} and r, = 20 kfl. 
The circuit parameters are Rp = 12 kf, Re = 500 kQ, RL, = 50 0 and Ae =5 kM. Determine 


Ag and Roe. 
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Rp (5 ki) 


Three-stage JPET amplifier Ru 
Fig. 11.63 The given circuit, Ex. 11.22. 


Solution: This is shunt-shunt topology so we convert input V,, A, into J, = V,/R, shunted 
by #,. The amplifier without feedback but taking loading effect is shown in Fig. 11.64. Input 


of three-stage amplifier = = 
Output impedance of three-stage amplifier is: 
= rg||Rp = 20 kft||/12 kQ = 7.5 kQ 
Ay = Ay, Ava Ava 


where Ay. = —@m (Ro||rz|l Re) 
= -2 x 10°49 (12]|20||500) x 104 


= -2 x 10-3 (7.39) x 109 = -14.778 


Fig. 11.64 Circuit without feedback, with loading effect, and replacing 3-stage JFET 
by an equivalent amplifier. 


Ay = Ay = =]4,.778 
(. Qi, Qs have similar output side connections) 


Ava = -€m (Rp ||ra) 
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= —2x 10% = 7.5 x 10° = -15 
Ay = (-14.778\-14.T78-15) = -3276 
We can replace 3-stage amplifier as shown in Fig. 11.65. 


—tisnnnennnecenemcdn O 


Fig. 11.66 Equivalent diagram of Fig. 11.64 
To find V,/V, with no feedback 


In Fig. 11.65, 
v,=22%Re Ry = Rg||Rp = 500 kQ]|5 kQ = 4.95 kQ 
R,+Re 
oe a (i) 
0.05 + 4.95 5.00 
FE 6 = 
V, = (AyV;) ——"— =(-3276. V, = (-3276V, (ii) 
9 = Ay OR+ Ry eae OT5e5 OBE 
From Eqs. (i) and (ii) 
Vo 4.95 
Act, ltage enn = =~ 8276 x > x => = -1297 
Being shunt-shunt topology, 
1 1 X, dy 
n——n 1 aot es — in F 11.64 and 11.65 
Fosgig [ven ZEajE=Z tories 


= -1297 = 50 = -64850 (= Ry) 


1 
=- BRy =~ E00 (-64850) =12.97 


Ag 64850 _ 449 
“= 1+T 14+12.97 ni 
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P11.9 Use the approximate analysis to determine Ap;, § T and Arg for a Source Follower. 
(series-shunt case), as shown in Fig. 11.67. 


R 
— ——— 
[Ans.7 = Ayr = 2m(Fy || Ag) Apr = [ry ae SEY 


Fig. 11.67 Circuit for P11.9. 


P11.10 The circuit shown in Fig. 11.68 has the following parameters: Rp = 4 kf, Re = 40 
kM, Re = 10 EQ, r, = 1.1 kM, A, = 50. (a) Find Ay (b) Find Rip and Ryp 
(Ane. (a) Aye = —3.2, (b) Ayr = 196.7 0; Ror = 890 OD) 


Ry Roy 
Fig. 11.68 The given circuit, for P11.10. 
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12.1 INTRODUCTION 


Oscillators 


An oscillator is a circuit that provides ac output signal without applying any ac input signal. 
Thus, it is different from an amplifier where a small ac signal is applied at the input 
terminals so as to obtain amplified output. The standard waveforms that can be obtained 
from oscillator circuits are: sinusoidal, square, triangular or pulse. These standard ac signals 
are required in many systems, such as computer and control systems where clock pulses are 
needed for timing; communication systems where sine waves are used as a carrier; in test 
and measurement systems where various types of waveforms are used for testing and 
characterization of electronic devices and circuits. 

The most commonly used waveform is a sinusoidal waveform and can be obtained by 
using positive feedback in amplifiers. The feedback signal is used instead of an input signal. 
If conditions on loop gain and phase are satisfied, it is possible to obtain an output signal 
without any external input signal. In this chapter, we will discuss the various circuits which 
are used for generating sine waves. 


12.2 BASIC PRINCIPLE OF SINE WAVE OSCILLATORS 


The basic structure of sine wave oscillators based on the use of feedback in amplifiers is 
shown in Fig. 12.1. It consists of an amplifier with voltage gain A and a frequency selective 
feedback network (having inductor or capacitive components) with the transfer ratio # It 
may be noted that the loop in Fig. 12.1 is incomplete as the terminal 2 is not connected to 
terminal 1. To understand the operation of the circuit, consider the situation where an input 
signal V; is applied at the input terminal 1 of the amplifier so that the output vp = Av,. The 
feedback signal v; at terminal 2, therefore, is v;= Afe;. The quantity Af, therefore, represents 
the loop gain of the system. If the values of A and fare adjusted so that Af= 1, the feedback 
signal v; will be identically equal to the externally applied signal v;. If the terminal 2 is 
654 
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Fig. 12.1 Basic structure of a sine wave oscillator. 


connected to terminal 1 and the external signal v; is removed, the circuit will continue to 
give output signal as the amplifier can not distinguish whether v; is coming from external 
source or from the feedback circuit. Thus, the output signal can be continuously obtained 
without any input signal if we can satisfy the condition on the loop gain, that is, 


AB =1 (12.1) 


This is called Barkhausen criterion for oscillations. The condition Af = 1 can be 
satisfied only at one specific frequency /f,. The circuit provides output at frequency /, only 
where the circuit components meets the condition given by Eq. (12.1). We may rewrite 
Eq. (12.1) as 


Aljiy) Bljay) = 120° (12.2) 
There are infact two conditions in Eq. (12.2), one on phase and other on the magnitude 
of the loop gain which needs to be simultaneously satisfied to achieve oscillations. Thus, 


according to Eq. (12.2) the total phase shift of the loop gain should be zero or multiples of 
2a and the magnitude of the loop gain, Af should be equal to unity, that is, 


jAB| = 1 (12.3) 


ZAB = 0° or multiples of 2x (12.4) 


The condition |AP| = 1 is usually difficult to maintain in the circuit as the values of A 
and § vary due to temperature variations, ageing of components, change of voltage and so 
on. If |AS| becomes less than unity, the feedback signal v, goes on reducing in each feedback 
eyele and the oscillations will dic down eventually. In order to ensure that the circuit 
sustains oscillations inspite of variations, the circuit is designed so that |Af| is slightly 
greater than unity. Now, the output amplitude will go on increasing with every feedback 
cycle. The signal, however can not go an increasing and gets limited due to the non-linearity 
of the device, that is as the transistor enters into saturation. Thus it is the non-linearity of 
the transistor because of which the sustained oscillations can be achieved. The value of Ap 
is usually kept greater by about 1 to 5% to ensure that |Af| does not fall below unity. In 
explaining the principle of oscillation in Fig. 12.1, we had assumed that we first connect a 
signal source to start the oscillations and later remain it. In a practical oscillator, however, 
it is not done so. The output waveform is obtained as soon as power is turned on. Actually 
there is noise signal always present at the input (i.e. base) of the amplifier due to temperature 
(called Johnson's noise) or variation in the carrier concentration (Schottky noise). The noise 
signal at the frequency at which the circuit satisfies the condition Af = 1 is picked up and 
amplified. Since Af > 1 in the circuit, the output signal goes on increasing until it is limited 
by the onset of non-linearity of the transistor (as transistor enters into saturation) as shown 
in Fig. 12.2. 
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/ 


Noise voltage at 
the frequency for 
—* eee Amplitude becomes constant 

grow as Aji as transistor goes into saturation 


Fig. 12.2 Obtaining sustained oscillations from noise signal. 


12.3 OSCILLATOR CIRCUITS 


The various oscillator circuits can be broadly classified as: 


1. RC oscillators 
2. LC oscillators 
3. Crystal oscillators. 


The RC oscillators can provide frequencies varying from few hertz to several hundreds 
kHz. Two commonly used RC-oscillators are: (i) RC-phase shift oscillator, (ii) Wien-bridge 
oscillator. LC-oscillatora are suitable for high frequencies upto hundreds of MHz. These 
oscillators use LC circuits as their tank or oscillatory circuit. The most popular LC-oscillators 
are, Hartley and Colpitts oscillators. Crystal oscillators provide highly stable frequencies, 
but at a fixed frequency. 


12.3.1 RC Phase Shift Oscillator 


The RC-phase shift oscillator can be designed using BJT or FET amplifier. We first consider 
an FET oscillator as there are no loading effects of feedback network on the FET amplifier 
due to the high input impedance of FET and it simplifies the analysis. Figure 12.3 shows 
the circuit of an FET oscillator which consists of a self-biased FET amplifier and a feedback 
network consisting of three cascaded RC sections. 


o Van 


Fig. 12.3 FET phate shift oscillator. 
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It can be seen that the feedback voltage V; available at the output of the last RC section 
of the feedback network has been returned to the gate az input. As the FET amplifier 
provides 180° phase shift, the remaining 180° phase shift has to be provided by the feedback 
network to obtain a total of 360° phase shift round the loop. Thus, each RC section is 
selected so as to provide,60° phase shift at the desired frequency of oscillation. In practice, 
each section does not provide exactly a 60° phase shift due to loading of one RC section on 


the previous one. However, what one requires is a total phase shift of 180° from the feedback 
network. 


The loop gain Af can be computed by drawing the ac equivalent circuit as shown in 
Fig. 12.4(a). Here, the loop has been broken at the gate of FET and a voltage Vj is applied 
which gets amplified by the FET amplifier and appears as Vo. The output voltage V, is 
applied as input to the feedback network for which the output voltage is V). The cireuit of 
Fig. 12.4(a) has been further zimplified and is shown in Fig. 12.4(b), where the current 
source g,,V; has been replaced by the equivalent voltage source g,fy, V, where Ay = ry|| Rp. 
Assuming that the feedback network does not load the amplifier, that is, for A >> A‘), we 
may neglect the resistance fp in the simplified circuit of Fig. 12.4(b). 


§ (b) 


Fig. 12.4 (a) ac equivalent circuit, (b) simplified ac equivalent circuit. 
The KVL equations for the three loops are: 
Loop I: 1(R +5 )- HR =— g/t nV; [Rip is neglected for R >> Ry} 
(12.5) 


Leap 2: “1. +1,{2R +2) -14R =0 (12.6) 
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1 
Loop 3: “InR + 1y{2R + 2-)=0 (12.7) 
sc 
Also Vr = 15h (12.8) 
Solving for loop gain Af, we get 
V -g_R' 
Asa — j——_#s* ! 
p V, (-5a@*)+ fla® - 6a) oa 
1 

where a= (12.10) 


~ @RC 
As the loop gain Af should be a real quantity (phase shift is zero), therefore, it is 
essential that (a? — 6a) in the Eq. (12.9) should be zero, that is, 


ao - 6a = 0 
or er=6 
or a Rc? = (12.11) 
The frequency of oscillation fj is given by 
1 
= (12.22) 
fo anRCJ6 
Equation (12.9) thus becomes 
|AB| = ial (19.13) 


and since |.Af| > 1 for sustained oscillations, therefore, 


Emith > 29 (12.15) 
The voltage gain of the FET amplifier is given by 


|Al=2 ftp (12.14) 
Therefore, |A| > 29 and p= (12.16) 
Thus, the gain of the FET amplifier stage must be at least 29 to sustain oscillations. 


If however, A'p is not neglected in Fig. 12.4(b) then writing mesh equations again and 
solving, we get 


—jg_ Ra" 


“ (12.17) 
1- @°(6+4K)+ jal5+K -a7(1+4K) 


Af 


# 


wins es Ap (12.18) 


For Af to be a real quantity, 
1 = fi6 + 4K) =0 (12.19) 
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] 
sia ~ 6+4K 
which gives the frequency of oscillation as: 

1 


fo = 2nRC 624K (12.20) 


Since Af = 1 at this frequency, we may write from Eq. (12.17) 


Enka 


—— 12.21 
54+K -a@'(14+4K) \ ' 


Putting the value of a and solving for gain, we get 
|A| = Bmit’p = 4K? + 22K + 29 (12.22) 
For K = 0 (when Fp is neglected) 
|A] = 29 as expected 


The RC feedback network can also be made using four RC sections and each section can 
be designed to provide 45° phase shift. However, this is not desirable as it will increase the 
number of components used. One could ideally obtain 180° phase shift by using only two RC 
sections. However, as it is not possible to get ideal capacitors, a single capacitor is not able 
to provide a phase shift of 90° exactly. 


BJT phase shift oscillator: If a BJT is used as the active device in place of FET in the 
circuit of Fig. 12.3, the resistance A of the feedback network comes in parallel to the low 
input resistance },, of the transistor. This reduces the effective value of FR in the last section 
of the feedback network. To overcome this, we use the circuit shown in Fig. 12.5 where 
voltage shunt feedback has been used in place of voltage series feedback. 


Fig. 12.5 BJT phase shift oscillator. 
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account. These capacitances cause additional phase shift because of which design of the 
oscillator become quite complicated. 


12.3.2 Wien Bridge Oscillator 


The circuit of a Wien Bridge oscillator is shown in Fig. 12.7, where a ‘balanced bridge’ is 
used as the feedback network. The circuit will oscillate only at the frequency at which the 
bridge is balanced. The phase shift in the bridge at this frequency will be zero, so the phase 
shift produced by the amplifier circuit should also be zero to ensure that the phase shift 
round the loop is zero. This is the reason that a two-stage amplifier has been used in the 
circuit to provide zero phase shift. 


Ce 


Fig. 12.7 Wien Bridge oscillator. 


The output of the second stage is fed to the input A 
terminals A and C of the bridge and the voltage across 
the parallel combination (R,C;) from the points B and C 
is fed as input to the first transistor stage. This input 
signal is in phase with the output due to transistors @, 
and @. and thus positive feedback is provided in the 
circuit. 

The frequency of oscillation can be obtained from the Ms 
feedback network shown in Fig. 12.8. The feedback fac- 
tor fF is: 


= Zy 
- Z,+Z, (12.39) 
1 
h Z, =f, +— (12.40) 
where 1 = Rh, + 


Fig. 12.8 Feedback network. 
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The value of & should be much greater than Fp to avoid loading, so choose FR about 10 
times greater than Rp, say, 50 kf. So 


8.1 jis 
50 kod 


C= = 162 pF 


EXAMPLE 12.2 


Design a Wien Bridge oscillator to oscillate at a frequency of 2 kHz. Choose A, = AR, = FR and 
©, = €, = C, and # should be greater than 1 kf). 


‘ 1 
5 1 t ry ee 
olution fo acRC 
Say, R=10kQ0 
So : = 7.96 nF 


C = 2 ee 
Qn x 2x10 x10x10° 
For #to be 1/3, choose A, = 2A, We may choose AR, = 10 kf so that Ry = 20 kQ. 


12.3.3 LC Oscillator Circuits 


There is a large variety of LC oscillators circuits available, such as tuned collector oscillator, 
tuned base oscillator, Colpitts oscillator, Hartley oscillator, clapp oscillator and crystal 
oscillator. We shall discuss more commonly used Hartley, Colpitts, Clapp and crystal oscillator 
circuits only. 


Generalized oscillator circuit: A number of LC oscillator circuits can be analyzed by 
considering a generalized oscillator circuit shown in Fig. 12.9(a). The analysis assumes that 
the active element in Fig. 12.9{a) has high input impedance such as FET or an op-amp so 
that the feedback network does not load the amplifier. The ac equivalent circuit shown in 
Pig. 12.(b) uses an amplifier with an open circuit voltage gain Ay and output resistance Rp, 
and with the loop broken at terminal 1. 


Fig. 12.9 (a) Generalized oscillator circuit, (b) ac equivalent circuit. 
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at high frequencies should be used for exact analysis. For simplicity, we shall be using the 


above analysis only. 


BJT versions of Colpitt’s and Hartley oscillator are shown in Fig. 12.10. In the Colpitt's 


oscillator shown in Fig. 12.10(a), 


1 1 
Ay ala Ae ladle and Ay = «aL 
Using Eq. (12.62), 
XxX, + Xy + Ay = 
or (3. |; aL =0 
awl, jay 
1 1 
or aL =—+— 
ac, aly 
The frequency of oscillation fy is: 
f, = 1 C,+C, 
° QaL Y CC, 


(12.63) 


(12.64) 


(12.65) 


Fig. 12.10 (a) Colpitt’s oscillator, (b) Hartley oscillator. 


The condition on the voltage gain is obtained from Eq. (12.61). 


Since Af = 1, therefore 


x 
Ay Fil 
Xy 
_ Xz 
or Ay X, 
1.8 aR = 
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Thus, the magnitude of the voltage gain from base to collector (g,,f-) must be equal to 
the ratio of capacitances. Of course for sustained oscillations, loop gain must be greater than 
unity, therefore 


As oscillations grow in amplitude, the non linear characteristics of the transistor 
reduce the effective value of g,, and reduces the loop gain to unity, thereby sustaining the 
oscillations. 

Similarly, applying the condition of oscillation to the Hartley oscillator shown in 
Fig. 12.10(b) gives 


1 
= (12.66) 
fo On JL, + Dye 
Ly 
and Emit > 
Ey 


Clapp oscillator: <A modified form of Colpitts oscillator, shown in Fig. 12.11, is known as 
elapp oscillator. In this circuit, the inductor L has been replaced by a series combination 
of Z and a capacitor Cy. Addition of capacitor Cy improves the frequency stability of the 
circuit. 

The frequency of oscillation is given as 


1 1 1 1 
= — Ss /«—_—_— + ——_ + —— 

2r VLC, LC, Le, 
The frequency of oscillation can be varied by varying the capacitor Cy. As capacitor C, 


is usually much smaller than (, and Cs, the approximate frequency of oscillation can be 
given as: 


he 
=] 
=~] 


f 


f=—  |— (12.68) 


Fig. 12.11 A clapp oscillator. 
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® An oscillator circuit provides an ac output signal without applying any ac input signal. 


@ An oscillator can be made by using an amplifier and a frequency selective network in 


the feedback loop. 


The condition for oscillation is: loop gain Af = 1. This is called Barkhausen criterion 
for oscillations, 


In the condition Af = 1, the magnitude condition |AS| = 1 and the phase condition 
ZAB = 0° or multiples of 2x, both should be simultaneously satisfied to achieve 
oscillations. 


e If |ABS| < 1, the oscillations will die down. 


In practical oscillators, |AB| > 1 so as to ensure that the oscillations do not die due 
to variation in temperature, change of device or voltage changes. 


Noise voltage (thermal noise) at the input of the amplifier initiates the amplifying 
action. 


The output amplitude gets limited at the onset of non-linearity or as the transistor 
enters into saturation. 


An RC-phase shift oscillator uses three RC sections in cascade designed to provide 180° 
phase shift at the desired frequency of oscillation. 


The frequency of oscillation of an FET phase shift oscillator is, f, = ae and the 
2nRhC4/6 


voltage gain of the amplifier should be greater than 29. 
The frequency of oscillation for a BJT phase shift oscillator is, 


fe 1 
 onRC,/6 +4K 


where K = Ro/R and the condition for oscillation is: 


29 
hy >4K +23 += 
Se 


The minimum value of 4, of a transistor in BJT phase shift oscillator is 45 for sustained 
oscillation. 


The voltage gain and frequency of oscillation for a Wien bridge oscillator are: 


A>3, h*=5-pn 


The frequency of oscillation and condition of oscillation for a generalised oscillator 
circuit shown in Fig. 12.9 is 


xX + Xo + Xy = 0 
AyX, _ 
Xy 


and 1 
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@ In Colpitt’s oscillator, X, and X, are capacitors and X; is an inductor, The frequency 
of oscillation f, and condition for loop gain is given by 


_ 1 Cc, +cC,. Cc 
f= or CC, 1 Bnltc > e 


# In Hartley oscillator, X, and X, are inductors and X; is a capacitor. The frequency of 
oscillator fp and condition for loop gain is given by 


1 
fa oT ieee Emntte: ut by 
an j(L, + £.0¢ Ly 
@ A quartz crystal has electro-mechanical resonance characteristics with very high @ 
and, therefore, provides very stable frequencies. 


e The quantity d@dw gives a measure of frequency stability of an oscillator. Larger the 
value of d@dm, better the frequency stability. 


12.1 List some practical applications of ac signal sources. 


12.2 Explain Barkhausen criterion for sustained oscillations. 

12.3 Explain how oscillations are initiated in oscillators. 

12.4 Explain the principle of operation of RC phase shift oscillator. 

12.5 Find the frequency of oscillation and condition of oscillation for FET Phase shift 


oscillator, 


12.6 Explain why three RC sections are needed in the phase shift oscillator. 
12.7 Draw the circuit of a BJT phase shift oscillator. Explain the type of feedback used and 


why it is different from that used in FET oscillator. 


12.8 Explain the working of a Wien Bridge oscillator. Derive the expression for frequency 


of oscillation and the value of the gain required for sustained oscillations. 


12.9 Derive the condition of oscillation for the generalized oscillator using only reactive 


components, 


12.10 Draw the circuit of Hartley and Colpitt's oscillator using BJT, and derive the expres- 
sion for the frequency of oscillation, and condition on loop gain. 


13.11 Explain the working of a crystal oscillator. 


12.12 Derive and plot the impedance characteristics for a quartz crystal. 
12.13 Define frequency stability. How it is computed? 


P12.1 An RC phase shift oscillator uses a JFET with the parameters: g,, = 5 mt} and 


r= 50 kf. Determine Ap and C for FR = 100 kf so that the circuit can oscillate at 
10 kHz. 


(Ans. Ry = 6.56 kD, C = 65 pF) 
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P12.2 


P12.3 


P12.4 


P12.5 


P12.6 


P12.7 


P12.8 


P12.9 


P12.10 
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Calculate the frequency of a BJT phase shift oscillator for R = 6 kQ, C = 1500 pF 
and Ae = 18 kf. 
(Ans. 4.2 kHz) 


Show that the frequency of oscillation of a Colpitt's oscillator, if the inductor L has 
fi series resistance fi, is given by 


_ (RC, + RylC, +Cy) 
oo = I~ ECCaly 
A Colpitt’s oscillator is designed with C, = 100 pF and C, = 7500 pF. Determine the 
range of inductor for the frequency to vary from 950 to 2050 kHz. 
(Ans. 3.69 WH, 0.79 pH) 
In a Hartley's oscillator, the inductors L, and Ly have a mutual inductance M. Show 
that the frequency of oscillation is given by 


1 
fo= Qn (C(L, + Ly + 2M) 
Determine the value of capacitor required so that a Hartley oscillator oscillates at 
a frequency of 450 kHz. Given: L, = 1 wH, Z, = 100 pH and M = 50 pH. 
(Ans. 0.83 pF) 


(a) Find the frequency of oscillation of an oscillator which uses the feedback network 
shown in Fig. 12.15. 


(b) Draw the oscillator circuit. 


Fig. 12.15 Circuit for P12.7. 


A crystal has the following parameters: L = 0.33 H, Cyn, = 0.065 pF, Chane = 
1.0 pF and (inductor resistance) = 150 ©. Find (a) the series resonant frequency 
(b) @ of the crystal. 


(Ama. 1,098 MHz, 15000) 
Prove that the ratio of parallel to series resonant frequencies of a quartz crystal is 


approximately given by 1+i& F 
2C, 
A 2 MH@ crystal is specified to have L = 0.52H, C, = 0.012 pF, C, = 4 pF and 
r= 120 & Find f,, j, and @. 
(Ans. 2.015 MHz, 2.018 MHz, 55000) 


CHAPTER 


1 3 Power Amplifiers and 
Voltage Regulators 


13.1 INTRODUCTION 


Most of the practical electronic systems consist of a number of amplifying stages in cascade. 
The function of the input and intermediate stages is to amplify the small signals received 
from an input source such as from a cassette or CD, microphone or from the antenna and 
amplify it to a large value sufficient to drive the final device which may be a loudspeaker 
in a public address system/music system or a cathode ray tube or a servo motor. The 
transistor in these stages is operated in the linear region so that the minimum distortion 
is added to the signal and small signal analysis is valid. Since signal voltages and currents 
are small, the power efficiency and power dissipation are of little concern. 

There are, however, two very important requirements of the final stage or the output 
stage of any electronic system. Firstly, it should have a low output resistance so as to deliver 
the output signal to the load (final device) without any logs of signal. Further, since the 
output stage has to deliver large amount of power to the load in an efficient manner, it is 
necessary that the power dissipated in the output transistor is as low as possible. If the 
power delivered to the output transistor increases, its internal junction temperature will 
also increase and temperature beyond 150° to 200°C can destroy the silicon devices. 
Thus, an essential requirement of the output stage is that it should have a high power 
conversion efficiency. Power transistors with in-built heat sinks are usually used in the 
output stages. As input signal amplitude of the output stage is large, it is not possible 
to use small signal analysis. Therefore, the graphical analysis is carried out for the 
output stage as shall be seen. 

Almost all electronic circuits require a de source of power. It is necessary that the de 
output voltage remain constant inspite of variations in load current, ac supply voltage or 
temperature. In this chapter, we also consider the regulator circuits used to provide a stable 
de output voltage. 
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Thus, for linear distortionless amplifier, the output power P can be calculated by reading 
the values of Ving Vinine Jimax and J; on the load line drawn on the output characteristics 
as shown in Fig. 13.4. 


13.3.1 Harmonic Distortion 


In general, the static output characteristics are not parallel and equidistant for equal 
increments in input excitation i,. Therefore, the dynamic transfer characteristics (i, versus 
i) for a BJT is non-linear and not a straight line as assumed earlier. In such a case, the 
output voltage waveform will not be a perfect sine wave and has harmonics present in it. 
Such a distortion is called non-linear or amplitude distortion. The amount of distortion 
introduced will depend upon the non-linearity in the dynamic curve. 

If we assume that the dynamic curve is represented by a point about the Q-point then 
the relation between i, and 1, may be written as: 


i. =G,4, + Goff (13.6) 
where G, and G, are constants. Let the input i, be a sinusoidal of the form: 


i, = Inm 008 wot (13.7) 
Thus, i, = Gyl,m cos wt + Goll, cos wi? 
= Gylym, CO8 at + : Galim (1 + cos 2evt) (13.8) 


= * Gali +Gil,, Cosmet +2 Gal, cos 2ut 


= By + B, cos wt + Bs cos 2wt (13.9) 
where B= ; G,I?, (13.10) 
B, = Glin (13.11) 
B, =B,= 5 G.I}, (13.12) 
The total collector current ic may be written as: 
ie = Teg + i. (13.13) 
Putting the value of i- from Eq. (13.9) in Eq. (13.13), we get 
ip = Teg + By + B, cosmt + By cos2mt (13.14) 
ee, ee” 


DC terns Fundamental Serond Harmonic’ 


The input current contains a term of the same frequency as the input (i.e., cost wt term), 
a second harmonic term (Le. cos 2? term) and a constant (dc) term. It can be seen that the 
total de component has increased from Ipg to Jpg + Bp. Thus, we can say that the parabolic 
dynamic curve given by Eq. (13.6) introduces a second harmonic component in the output 
and also since the average value of the output current has increased, rectification is also 
taking place. 


The amplitudes &,, 8, and 8B, can be found from the output characteristics shown in 
Fig. 13.4. As By = Bs, we need to find only two unknown quantities, that is, By) and Ay. 
Rewriting Eq. (13.14) as: 


ic = Ig + Boll + cos 2wt) + B, cos wt (13.15) 
In Fig. 13.4, 
At wt = 0; ig = Imax (13.16) 
and wt = mic = Inn (13.17) 
Putting these in Eq. (13.15), we get 
Imax = Fog + 2By + By (13.18) 
and Imin = og + 2By - By (13.19) 


Solving for By and B,, we get 


(13.20) 


(13.21) 


(13.22) 


If the input %, has two frequency components and is of the form i = Jj,,; cos ayt + Ipae 
cos of, then for the parabolic dynamic curve given in Eq. (13.6) will result in sinusoids of 
frequencies a), 2a, @, 2d%, od) + a and a — a besides the de term. 


Higher-order harmonic distortion: For large signal power amplifers, the assumption of 
parabolic dynamic characteristic is not justified and the dynamic transfer curve should be 
represented by a power-series of the form: 


ic = Gy, + Gif + Gg + Gy + --- (13.23) 
Tf i, = Jig CO8 at, the output current can be obtained in the form: 
ic = Jog + By + By cos wt + By cos 2ut + By cos Sut + ... (13.24) 


Using proper trigonometric relations and simplifying it can be seen that the output 
current contains not only the second harmonic, but also third, fifth and other higher order 
harmonics. The amplitude of harmonics decreases as we go to higher order terms. The 
harmonic distortion is now defined as: 


B B B 
p,-|22|, p,=|22|, p, =|24|; . (13.25) 
1B FF [BY Ot LB 


and so on. 
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1 I. -tan _ I ai I 
and I = 7 Se ee (13.47) 
tra, valee) V2 2 2v2: 2v2 ie 
Ver f 
Thus, P,, == (13.48) 
and efficiency 9 is: 
y= 00. «100% (13.49) 
Puc 
_ Yec!cg!? | 00% (18.50) 
Vee leg 
n = 50% (maximum) (13.51) 
for a transformer coupled class-A amplifier 
a EXAMPLE 13.1 
Calculate the de input power, ac output power and Vee = 18V 
efficiency for the series fed amplifier circuit shown in 
Fig. 13.8, if the input signal results in a base current 
of 5 mA r.m.s. Rs 160 
Solution: The Q-point is determined as: 1.5 kf 
Vee -0.7V _ 18V -0.7V 
I = a" & 11.5 mA. =4C 
= Re 1.520 . 
+ 
leg = Aine = 40(11.5 mA) Vv" 
= 0.46 A ss 
The de input power is: 
P; (de) = Veoleg 


- 18 V x 0.46 A = 8.28 W Fig. 13.8 Cuireuit for Ex. 1. 


The ac output power is given as 
Polac)= VJ. — (t.m.s. values) 


=F? R. 
where I, = fil, 
=40*5 mA = 200 mA =02 A 
Therefore, Polac) = (0.2AP « 16 2 
= 0.044 «16 
= 0.64 W 
percentage, 7) = Folac) »~ 100% 0.64 W *~ 100% =7.7% Ans. 


Pde) 8.28 W 
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Figure 13.9 shows a class A push-pull amplifier which must use identical transistors @, 
and @), for proper operation. Another important requirement for the operation of a push-pull 
amplifier is to obtain two input signals, from the given input signal, which are equal in 
magnitude and have a phase difference of 180°. The most popular way of doing this ia by 
using a centre-tapped transformer at the input as shown in Fig. 13.9. The output from the 
two transistors is connected to the load through an output centre-tapped transformer to 
provide impedance matching. The resistors A, and R, provide the voltage divider bias so 
that both transistors can work in class A operation. During the positive half cycle of the 
input, the signal at the base B, increases above the @-point and decreases by the same 
amount at base B,. Note that both the transistors are conducting all the time as both are. 
biased for class A operation. Thus when collector current ip, is increasing, current ips is 
decreasing. The current through the load will be proportional to the differences of i-, and 
i-g and forms the positive half cycle of the output waveform. Similarly, during the negative 
half cycle of the input, the signal at B, decreases and increases by the same amount at By,. 
The difference of i-, and ipg now produces the negative half cycle of the output waveforma. 
Such a circuit configuration has a number of advantages as we shall see. 


Fig. 13.9 Class A push-pull amplifier circuit. 


The input signal v, produces two voltage waveforms across the centre-tapped secondary 
of equal magnitude but 180° phase shift. These in turn produce input base currents j,; and 
ig for transistors @, and @s. If we assume that the input signal to transistor @, is: 


iny = Jh_, COB ant (13.52) 
The corresponding input signal to transistor @> will be 


ing = —igy 

= [hm COs (et + Ay (13.53) 

The output current i-, for transistor @, is given by Eqn. (13.24) 
ie, = leg + By + B, cos wt + By cos 2wt + By cos Jat + (13.54) 
The output current ips for transistor Qos is obtained by replacing at by wi + xin Eqn. (13.54). 

Thus, 

ica = Ing + By + B, cos (wt + a) + By cos Blt + xy + -~ (13.55) 
= log + By — B, cos wt + B, cos 2et — By cos Jw + -- (13.56) 


ee 
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. ae [ i - Yee (13.60a) 
AC power output, for peak amplitude V,, is: 
P,, = Vl, (13.61) 
Ve Las 
abe : (13.62) 
= “ain (13.63) 


It 
t 
= 


eee ee 


Fig. 13.10 Graphical construction for determining the output waveforms of a single 
class B transistor stage. 


It can be seen that the maximum efficiency is obtained when peak voltage V,, is at its 
maximum possible value. This maximum value is limited by saturation and can be seen to 
be Ver — Vera) =Vor- Therefore, the maximum ac power output can be given as: 


ras veghs Jn (13.64) 
Maximum conversion efficiency 4,,,. 12: 
F, ra, 
x= a, fy" 
Nenax P,. 13.65) 
Ver! fd | 
= —— et _ « 100% Pp, =—Zy, 13. 
9 x 2F Vow = | dc = cc ) { 66) 
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Thus, Vin |  * : Voc (13.75) 


Putting the value of V,, from Eq. (13.75) in Eq. (13.71), we get 


oy 
Po was = (13,76) 


The efficiency, 7 at this value of V,, is obtained as 


FP VI /2 VI, f2 
ov 100 = —  — » 100 = ——_™_ 5 yy 100 
oF Boe ene ee et 
Vv. 
or n =X x 100% (13.77) 
Lo 
-* Vee 100% (- v.<2y (13.78) 
4 #Voc ae leas 


2V;, er 
It can be seen from Fig. 13.11 that as V,, is increased beyond ss , the power dissi- 
pated decreases and the efficiency increases to 78.5%. However, the non-linear distortion 
increases as we go towards saturation which will flatten or clip the output waveform. 
Advantages of Class B over class A amplifier 
1. Greater output power, 
2, Greater efficiency, 
3. For no signal (ie. v; = 0) the power loss is zero. 
Disadvantages of class B over class A amplifier 


1. Harmonic distortion may be higher 


2. The supply voltages need good regulation since the collector current increases from 
0 to Veo'(aR,) when v,; increases from 0 to maximum. 


13.5.3 Class AB Operation 


Although class B push-pull amplifier can provide high efficiency but the output waveform 
get distorted due to the non-linearity of the input characteristics (ugg v/s ig). We know 
that the base current starts flowing only after the base-emitter junction is forward biased 
by a voltage greater than the cut-in voltage (V,= 0.5 V for 51). The distortion caused by 
this is shown im Fig. 13.12 and is called cross-over distortion. This distortion can be 
eliminated if a perfect sinusoid base current could be provided in place of sinusoidal base 
voltage. 
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13.7 THERMAL CONSIDERATIONS 


Transistors meant to be used in power amplifiers are required to conduct large currents and 
also dissipate high power without getting damaged. Thus, their physical structure, packaging 
and specifications are different from the transistors used for small signal applications. Some 
of the parameters of interest for power transistors are: 


Junction temperature: Power transistors dissipate large amount of power in their collector- 
base junctions. The dissipated power gets converted into heat which raiges the junction 
temperature. The junction temperature T; should not be allowed to exceed the maximum 
junction temperature T,,,.,, supplied in the data sheet otherwise the transistor will get 
damaged. For Ge transistors, T;,.,, lies in the range 100—110°C whereas 5i transistors can 
withstand temperature from 150°-200°C, 


Thermal resistance: For a transistor dissipating Pp watts, the rise of the junction 
temperature, T; relative to the surrounding ambient temperature T, can be expressed 
as: 


Tj -— T4 = GaPp (13.80) 
where G4 is the thermal resistance between junction and ambience and has the units of 
*C/watt. 

As we wish to dissipate large amount of power without raising the junction temperature 
above Tj .4,. it is desirable that 6, be as small as possible. Equation (13.80) describes the 
thermal conduction process and is analogous to ohm's law which describes the electrical 
conduction process. The transistor manufacturer usually specifies T,...,,. the maximum power 
dissipation at a particular ambient temperature, usually 25°C, T,, and the thermal resistance 
&,. In addition, a graph between Pp and ambient temperature, as shown in Fig. 13.16, is 
also provided. 


Pan 


Pm 


(a) (b) 


Fig. 13.16 (a) Power derating curve showing maximum allowable power dissipation versus 
ambient temperature, (b) The popular To —3 package for power transistors. 
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The graph shows that below the ambient temperature 7°,,, the device can safely dissipate 
the rated value of Pp, watts. If, however, the device is operated at higher ambient temperature 
then the maximum allowable power dissipated has to be reduced or derated. The power 
derating curve shown in Fig. 13.16(a) is a graphical representation of Eq. (13.80). Specifically, 
if ambient temperature is Ty, and power dissipation is at the maximum allowed (Pp) then 
the junction temperature will be Tj... Substituting these quantities in Eqn. (13.80) gives 

T; -T 
Oa = jee AD (13.81) 
DO 

If the ambient temperature T, is higher than Ty), the maximum allowable power 

dissipation Pp... can be obtained from Eq. (13.81). 


EXAMPLE 13.6 


A particular transistor has a power rating at 25°C of 200 mW, and a maximum junction 
temperature of 150°C. What is its thermal resistance? What is its power rating when operated 
at an ambient temperature of 70°C? What is the junction temperature when dissipating 
100 mW at an ambient temperature of 50°C? 
Solution: Using Eq. (13.81), 
éu = Tj max ~ Tao 
Je Pro 
150 - 26 
=—300 = 0.625 "CimW Ans, 
Power rating at 70°C is: 
150 — 70 
= ——— =1278 mW 
0.625 m Ans. 
T}, Junction temperature at 100 mW is calculated as: 
= 60 + 0.625 x 100 = 112.5°C Ans. 


Transistor case and heat sink: The thermal resistance between junction and ambience, 
&,, can be expressed as: 


Ga = Get Gra (13.82) 
where &- = Thermal resistance between junction and transistor case (package) 
@:4 = Thermal resistance between case and ambience 


The quantity Ge 18 fixed by the device design and packaging. The value of 4,4 can, 
however, be reduced by encapsulating the transistor in a relatively large metal case and 
placing the collector (where most of the heat is dissipated) in direct contact with case. Most 
of the high-power transistors are packaged in this fashion as shown by a typical package in 
Fig. 13.16(b). It has a metal case of about 2.2 cm, and the outside dimension of the ‘seating 
plane’ is about 4 cm. The seating plane is bolted on a metallic chasis or an extended metal 
surface called heat sink. The collector is electrically connected to the case. Thus heat is 
transferred by conduction and radiation from the transistor case to the heat sink so that @-, 
is very small. 
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The fraction of the output voltage AV, is compared with the reference voltage V_,;. The 
difference AV, — V.. ia amplified by transistor Q,. If the output voltage increases, the 
sampled voltage #V, also increases. This increases the base emitter voltage of transistor @. 
(as Vis fixed). If @. conducts more current (J), the base current of @, (J, — Ip) reduces 
which in turn reduces the load current thereby reducing the output voltage and maintaining 


the output voltage constant. 
In Fig. 13.17, the output de voltage Vj, 1s given by 


Ri, 
——l__..V, 
R, + ” 


Va = Vier + Varo + 
Simplifying, we get 


R : 
Vo =(V er +Vers)( + A] 


1 
As = alae 
A RR, +R, 1+4,/R, 
So Vy = Vat +Vaan) 


As Vi, Varo and § are all constants, therefore V; is also constant i.e. Vp, is stabilised 
and well regulated inspite of other variations. 


13.8.2 Switching Regulator 


The regulated power supplies discussed so far are referred to as linear voltage regulators, 
since the series pass transistor operates in the linear region. The linear voltage regulator 
has the following limitations: 

The input stepdown transformer is bulky and is the most expensive component of the 
linear regulated power supply mainly because of low line frequency (50 Hz). Because of the 
low line frequency, large values of filter capacitors are required to decrease the ripple. The 
efficiency of a series regulator is usually very low (typically 50%). The input voltage must 
be greater than the output voltage. The greater the difference in input-output voltage, more 
will be the power dissipated in the series pass transistor which is always in the active 
region. A TTL system regulator (Vj = 5 V) when operated at 10 V dc input gives 50% 
efficiency and only 25% for 20 V de input. Another limitation is that in a system with one 
de supply voltage (such as +5 V for TTL) if there is need for £15 V for op-amp operation, 
it may not be economically and practically feasible to achieve this. 

Switched mode power supplies overcome these difficulties. The switching regulator, also 
called switched-mode regulator, operate in a significantly different way from that of 
conventional series regulator circuit discussed earlier. In series regulator, the pass transistor 
ig operated in its linear region to provide a controlled voltage drop across it with a steady 
de current flow, Whereas, in the case of switched-mode regulator, the pass transistor is used 
as a controlled switch and is operated at either cutoff or saturated state. Hence the power 
transmitted across the pass device is in discrete pulses rather than as a steady current flow. 
Greater efficiency is achieved in this case, since the pass device is operated as a low impedance 
switch. When the pass device is at cutoff, there is no current and dissipates no power. Again 
when the pass device is in saturation, a negligible voltage drop appears across it and thus 


it dissipates only a small amount of average power, 
providing maximum current to the load. In either 
case, the power wasted in the pass device 1s very 
little and almost all the power is transmitted to 
the load. Thus, the efficiency in switched-mode 
power supply is remarkably high—in the range of 
70-90%. 

Switched-mode regulators rely on pulse width 
modulation to control the average value of the 
output voltage. The average value of a repetitive 
pulse waveform depends on the area under the 
waveform. If the duty cycle is varied as shown in 
Fig. 13.18a, b, c, the average value of the voltage 
changes proportionally, shown by V,, in these 
figures. 

A switching power supply is shown in 
Fig. 13.19. The bridge rectifier and capacitor filters 
are connected directly to the AC line to give 
unregulated de input. The thermistor FR, limits the 
high initial capacitor charge current. The reference 
regulator is a series pass regulator of the type 
shown in Fig. 13.17. Its output is a regulated 
reference voltage V,. which serves as a power 
supply voltage a all other circuits. The pail 7 rua) 
drawn from V,,,_ ig usually very small (~10 mA), : (e) : 
so the power logs in the series pass regulator does Fig. 13.18 Pulse width modulation 
not affect the overall efficiency of the switched- and average value. 
mode power supply (SMPS). Transistors @, and Gs» are alternately switched off and on at 
20 kHz. These transistors are either fully on (Vee ,,, ~0.2 V) or cutoff, so they dissipate very 
little power. These transistors drive the primary of the main transformer. The secondary is 
centre-tapped and full wave rectification is achieved by diodes D, and Dy. This unidirectional 
square wave is next filtered through a two stage LC filter to produce output voltage Vo. 

The regulation of V, is achieved by the feedback circuit consisting of a pulse-width 
modulator (PWM) and steering logic circuit. The output voltage V, is sampled by a R,R, 
divider and a fraction A,/(R, + Ro) is compared with a fixed reference voltage V,,; in 
comparator 1. The output of this voltage comparison amplifier is called Viontrol and is 
shown in Fig. 13.18(a). Vocnirc 18 applied to the (-) input terminal of comparator 2 and a 
triangular waveform of frequency 40 kHz [also shown in Fig. 13.20(a)| 1s applied at the 
(+) input terminal. It may be noted that a high frequency triangular waveform ia being 
used to reduce the ripple. The comparator 2 functions as a pulse width modulator and its 
output is a square wave vu, [Fig.13.20(b)] of perod Tif = 40 kHz). The duty cycle of the 
aquare wave is T,/(7, + T;) and varies with V,..i-) Which in turn varies with the variation 
of vy. The output v, drives a steering logic circuit shown in the dashed block Fig. 13.19. 
It consists of a 40 kHz oscillator cascaded with a flip-flop to produce two complementary 
outputs vg and vg shown in Fig. 13.20(d) and (e). The output vy, and vas of AND gates 
A, and A, are shown in Fig. 13.20(f) and (g). These waveforms are applied at the base of 
transistor @, and @». Depending upon whether transistor @, or @o is on, the waveform at 
the input of the transformer will be a square wave as shown in Fig. 13.20(h). The rectified 
output vs is shown in Fig. 13.2011). 
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decreases the pulse width of the waveform driving the main power transformer. Reduction 
in pulse width lowers the average value of the dc output Vp. Thus, the initial rise in the de 
output voltage V, has been nullified. 

So far we have discussed the operation of the SMPS. Now, we shall be able to justify 
why SMPS has better efficiency than the linear regulated power supply. We have noted that 
very high frequency signals (about 40 kHz or more) are being applied. The transistors @, 
and @ are acting as the switches and become alternately ON and OFF at a frequency of 
20 kHz [Fig. 13.20(a)). Again the transistor @, or @, is ON for very small duration and 
consumes negligibly small power since Voegyaqe) (0.2 V) is amall. It may also be noted that the 
high operating frequency used for the switching transistors allows the use of smaller trans- 
formers, capacitors and inductors. This allows a decrease in size and cost. 

There are some limitations and precautions to be taken with the ewitching power supplies. 
Since the rectifier is tied directly to the ac line voltage, the rectifiers, capacitors and switching 
transistors must be able to withstand the peak line voltage (310 V for 220 V AC rma line). 
The resistor A, must be provided to prevent the uncharged capacitors from shorting out the 
line when initially turned on. A switched mode power supply is more complex and requires 
external components like inductors and transformers. It is slow in responding to transient 
load changes compared to the conventional series regulator. One should be careful about the 
electromagnetic and radio-frequency interference while using switched mode power supply. 


® The final stage or output stage of any electronic system is a power amplifier or large 
signal amplifier. 


@ A power amplifier should have low output resistors so as to deliver maximum power 
to load. 


@ Amplifiers can be classified according to the transistor conduction angle: class A 
(conduction is for 360°); class B (conduction is for half cycle, i.e., 180°); class AB 
(greater than 180° but less than 360°): clase C (lese than 180°). 


® For large input signals, the dynamic transfer characteristics of a transistor is non- 
linear and, therefore, produces harmonic distortion in the output. 


@ The harmonic distortion components are found graphically from the output 
characteristics of the transistor. 


@# A class A amplifier stage dissipates maximum power under de quiescent conditions. 


® The maximum power conversion efficiency of a class A amplifier is 25% only and, 
therefore, is not used as power amplifier. 


@ The efficiency of a class A amplifier can be increased to 50%, if load is coupled through 
a transformer in class A amplifier. 


@ A push-pull amplifier requires two signals of equal magnitude but with 180° phase 
differences. This is obtained by using a centre-tapped input transformer. 


e All the even harmonics get cancelled in a push-pull amplifier stage. 


® Aclass B push-pull amplifier can provide a maximum conversion efficiency of 78.5%. 
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13.11 Draw the circwit of a transformerless class B push-pull amplifier. 
18.12 What is crossover distortion? How it can be minimized? 


13.13 Explain the terms (i) Junction temperature (ii) Thermal resistance (111) Power derating 
curve 


13.14 Explain the need of voltage regulator. 
18.15 What is the difference in series regulator and switching regulator. 
13.16 Explain why SMPS has better efficiency than a linear regulator. 


P13.1 For the circuit shown in Fig. 13.21, calculate the de input power, ac power output, 
efficiency if the input voltage results in a base current of 10 mA peak. 


(Ans. 9.65 W, 0.625 W, 6.48%) 


Vee= 20V 
Ry Ry 
(1k) OFe 


Fig. 13.21 Circuit for P-14.1 


P13.2 A transistor supplies 2 W to a 4 kf load. The zero signal collector current Ipg is 
30 mA and the de collector current with signal is 35 mA. Determine the percent 
second harmonic distortion. 


(Ans. 15.81%) 


P13.3 Calculate the harmonic distortion components for an output signal having 
fundamental amplitude of 2.1 V, second harmonic amplitude of 0.3 V, third harmonic 
component of 0.1 V and fourth harmonic component of 0.05 V. 


(Ans, D, = 14.3%, D, = 4.8%, D, = 2.4%) 


P13.4 Calculate the second harmonic distortion for an output waveform if Veg min = 2.4 V, 
Vege = 10 V ane Veg. max = 20 V. 


(Ans, %D, = 6.8%) 


P13.6 What turns ratio transformer is needed to couple to an 8 0 load so that it appears 
as an § kf effective load? 


(Ans, 31.6) 
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Analysis approach to feedback amplifiers, 612 

Asymptotic Bode diagram, 446, 447 

Avalanche breakdown, multiplication, 44, 87 


Bandwidth, 464 
Bandwidth extension with, 597 
negative feedback, 597 
Barkhausen eriterion, 655 
Barner potential, 22 
Base-width modulation, 193 
Biased clippers, 145 
Biasing 
for MOSFETs, S64 
in JFET/MOSFET, 358 
Bidirectional (combined) clippers, 146 
Bridge rectifier, LLO 
Buffer, 202 


Capacitances in a diode, 64 
Capacitor filters, 123 
Capacitor-input and choke-input filters, 128 
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Cascaded FET amplifiers, 409 
Cascaded stages at low frequencies, 545 
Cascode (CE-CB) amplifier, 418, 636 
CB imperfect coupling, 539 
CCCS, CCVS, 576 
CE imperfect bypass, 541 
CE-CE and CS-CS5 cascaded amplifiers at high 
frequency, 527 
Charging and discharging of a capacitor, 122 
Clamping, 143, 160 
Clapp oscillator, 665 
Class AB operation, 690 
Class B push-pull amplifier, 687 
Class C power amplifiers, 694 
Classification of controlled amplifiers, £76 
Clipping, 143 
Closed-loop gain, 584 
Collector to base bias circuit, 230 
Colpitt’s oscillator, 666 
Common 
base (CB) amplifier, 210 
collector (CC) configuration, 200 
collector amplifier, 201 
drain (CD) amplifier, 85 
emitter short circuit current gain, 472 
gate amplifier, 387 
source (CS) amplifier, 379 
Common-mode gain, 435 
Common-mode rejection ratio (CMERR), 436 
Common-source stage at high frequency, 494 
Commonly used clampers, LG2 
Comparison or summing network, 580 
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Complementary MOS or CMOS, 356 

Complementary symmetry class B push-pull 
amplifier, 691 

Conduction in intrinsic semiconductors, L1 

Conductivity (a), 8, Lo 

Constant current source, 245 

Corner frequency, 426 

Covalent bond, 3 

Cross-over distortion, £90 

Crystal oscillator, 669 

Current-voltage converter, 578 

Cut-in voltage, 28 


Darlington emitter follower, 414 
de 

load line, 222 

model, 54, 201 

operating pout, 217 

restorer, 160 
Depletion region, 35 
Depletion-tyvpe MOSFET, 254 
Desensitivity factor, 588 
Determination of the number of poles and zeros, 

478 

Difference network, 550 
Differential amplifier, 431 
Differential-half cirewit, 4335 
Differential-mode gain, 433 
Diffusion, 

capacitance, 77, 80 

currents, 20 
Diode as a circuit element, 5] 
Diode circuit with de + ac input voltages, G1 
Direct coupled amplifiers, 431 
Distortion considerations, 446 
Dominant-pole approximation, 480 
Donors, 13 
Doped semiconductors, 13 
Drain characteristics, 34] 


Drift, 2 
Early 

effect, 194 

voltage, 196 
Ebers-moll model, 1&5 
Effect of 


coupling and bypass capacitors, 539 

cut-in voltage V,, 106 

negative feedback on distortion, 590 
negative feedback on sensitivity, 588 
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Einstein relationship, 21 
Electron 

gas, 6 

volt, 5 

bias, 224 

follower, 291 
Extinction angle, LOG 
Extrinsic semiconductors, 13 


Feedback 
amplifier topologies, 581 
concept, 579 
gain Ap, O84 
network, 580 
FET small signal model, 374 
Fidelity, 446 
Field intensity (4, 3 
Field-effect transistor, 338 
Fixed bias circuit, 219 
Forward recovery time, 85 
Forward-biased diode, 63 
Forward-biased junction, 78 
Forward-biasing the p-n junction, 35 
Frequency response of cascaded stages, 527 
Frequency response of the AC coupled amplifier, 
432 
Frequency stability, 671 
Full-wave rectifier, LO4 


Gain-bandwidth product, 492 

Gallium arsenide (GaAs) devices, 357 
Generalized gain function, 478 

Graded semiconductors, 22 

Graphical analysis of a CE amplifier, 278 


Half-power frequency, 458 

Hali-wave rectifier, 98 

Harmonic distortion, G79 

Hartley oscillator, 666 

High frequency model of BJT, 277 

High frequency model of JFET, 376 

High-frequency response of a common emitter 
stage, 482 

High-pase filter, 508 

Hole, 3, 10 

Hybrid A-parameter model, 264 

Hybrid-# model, 272 
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Ideal feedback amplifier, 582 

Ignition angle, 106 

Impedance in feedback amplifiers, 

Input impedance of the emitter follower, 509 
Instrinsic semiconductors, 10 

Insulated-gate FET, 348 

Intrinsic concentration, L& 
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diode, 85 
temperature, 696 


Large signal amplifiers, 677 
Large signal diode models (de models), 53 
Law of the junction, TA 

LC oscillators, 665 

Linear regulators, 698 
Load-line, 52 

Loop gain (T), 84 
Low-frequency response, 459 
Low-pags filter, 597 

Lower 3-dB frequency, 426 
Lower half power frequency, 426 


Mass-action law, 15 
Mean free path, 7, 74 
Mean life time, LS 
MESFET, 357 
Metal-oxide semiconductor FET (MOSFET), 446 
Miller's theorem, 330 
Minority carrier concentration, 78 
Mobility, 19 
MOSFET 
amplifiers, 390 
as a resistance, 293 
as a switch, G05 
inverter, 35a 
Multistage amplifiers, 400 
Mutual conductance, B75 


n-type semiconductors, 13 
NMOS transistor, 848 
Non-linear distortion, 90 


Ohmic contacts, 39 
On drain resistance, 348 
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Open circuited p-n junction, 35 
Operating point, 32 
stability, 223 
Output impedance of the emitter follower, O06 


p-channel enhancement MOSFET, 442 
p-n junction, 34 
p-type semiconductors, L4 
Passe transistor, 698 
Peak inverse voltage, 109 
Pinch-off voltage, 240 
Pole splitting, 634, 601 
Potential barrier, 36 
Power 
amplifiers, G74 
conversion efficiency, 681 
Properties of 
feedback amplifier structures, 609 
negative feedback amplifiers, 587 
silicon, 18 
Push-pull amplifiers, G85 


Quiescent point, 52, 58 
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coupled amplifier, 421 
oscillators, G6 
phase shift oscillator, 656 
r.model (T-model), 275 
Recombination of charges, 18 
Rectifier 
efficiency, L1d 
meter, 120 
Rectifiers, 97 
Regulation, 103 
Resistivity, 8 
Return ratio, 584 
Reverse 
recovery time, Bb 
saturation current, 39 
Reverse-biased 
diode, 54 
junction, 7&4 
Reverse-biasing the p-n junction, 24 
Ringing, 508 
Ripple factor, 114 
Rise time, 466 
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Sag, 467 
Sampling network, 479 
Schottky barrier diode (SBD), 85, 257 
Schottky transistor, 212 
Self bias, 224 
Series clippers, L44 
Series regulator circuit, 698 
Shockley's equation, 344 
Short circuiting the p-n junction, 40 
Shunt clippers, 44 
Simplified A-parameter model, 292 
Sine wave oscillators, 654 
Small signal diode model, 58 
Small signal models of a BJT, 263 
Source follower, 285 
Space charge region, 25 
Square wave testing, 470 
Stability factors, 236 
Step-graded junction, 24, 66 
Step response of an amplifier, 465 
Storage time, 85 
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regulator, 699 

time, 83 
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Terminal frequency (f7), 473 
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sampled quantity, 611 
Thermal 
considerations, 696 
resistance, 655 
Threshold voltage, 348 
Tilt, 467, 469 
Time constant method, 521 
Transconductance (g,,), 274, 375 
amplifier, S77 
Transducer voltage gain, 2783 
Transfer characteristics of a JFET, 341 
Transformer coupled 
amplifier, 440 
clase A amplifer, 682 


Transimpedance amplifier, 575 
Transistor as a switch, 2090 
Transition capacitance (for step graded 
junction), 69 
Transition 
capacitances, 66 
region, 35 
time, 65 


Unilateral hybrid-# equivalent for CE, 489 
Unipolar transistor, 338 
Upper 

cut-off frequency, 428 

half power point frequency, 428 


Variation of mobility with electric field, 18 
VCCS, VCVS, 576 
V-T ampere characteristic of a p-n diode, 42 
Voltage 

amplifier, 576 

doubler, 130 

follower, 202 

quadrupler, 132 

regulators, 675, G98 

tripler, 132 
Voltage-current converter, S77 
Voltage-multiplier, 140 


Widlar current source, 247 
Wien-bridge oscillator, G62 
Wilson current source, 252 


fener 
breakdown, 44, B7 
diode models, 84 
diodes, 86 
voltage regulator, 133 
voltage regulator designs, 89 
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